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Abstract 
Azo dyes are the commonly used synthetic dyes in dyeing industry. Because of 
the synthetic nature, azo dyes are recalcitrant to biological degradation and difficult to be 
removed in conventional wastewater treatment system. The mutagenic and toxic 
potentials of azo dye are extensively studied. Physical and chemical methods are 
generally used in the treatment process. These methods are usually expensive and may 
produce additional wastes. Biodegradation in which microorganism uses azo dyes as a 
carbon or/and nitrogen source has been proven to be a practical approach. However, 
biodegradation is a time-consuming process, which is not effective to treat a large volume 
of effluent in a short period of time. Therefore, using an adsorbent to remove and 
concentrate the dye before the biodegradation will be a solution. 
Bacterial and fungal strain were isolated from different environmental samples 
such as sewage sludge, air sample and dye-containing sludge. The dye removal capacity 
(RC) of a bacterial strain Y1 (4 mg of dye/g of dry cells) was lower than that of 
Pseudomonas sp. K-1 (8 mg of dye/g of dry cells) which was isolated previously for dye 
adsorption. Therefore, Pseudomonas sp. K-1 was selected for this study. The RCs of 
Pseudomonas sp. K-1, fly ash and activated carbon for different dyes with various dye 
concentration and physico-chemical parameters (^H, agitation rate and temperature) were 
compared. The dye adsorption ability of Pseudomonas sp. K-1 was better than those of 
fly ash and activated carbon. Optimization of the growth conditions was conducted in 
order to increase the cell yield and dye RC of Pseudomonas sp. K-1. Under the optimized 
conditions the cell yield and the dye RC of Pseudomonas sp. K-1 was doubled. 
Geotrichum candidum CU-1, a white rot flingus, was isolated in the present study 
for dye degradation. Geotrichum candidum CU-1 grew and degraded the dyes under a 
wide range ofphysico-chemical conditions and dye concentration (tested upto 1,000 mg/1 
of procion red MX-5B). Under the most favorable conditions the fungus removed 100% 
of 100 mg/1 of procion red MX-5B within 2 h of incubation via biosorption and 
ii 
biodegradation. Sufficient oxygen supply, acidic pH, room temperature and high 
concentration of glucose enhanced the dye degradation by the fungus. The absorption 
spectra at 254 nm and 538 nm of the dye degradation products by the fungus and TiCV 
H2O2 photocatalytic system were similar. Recycling of the fungal biomass for dye 
adsorption and degradation is possible by maintaining the fungal culture in a constant 
amount ofbiomass. 
Integration of biosorption by Pseudomonas sp. K-1 and biodegradation by 
Geotrichum candidum CU-1 for dye removal was not success in the present study. The 
dye adsorbed on the bacterial surface could not be degraded by the fungus. However, the 
fungus was capable to carry out both biosorption and biodegradation in the removal of 
dye from the dye-containing effluent. Therefore, it is feasible to use this fungus to remove 
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1 Introduction 
1.1 History of development of textile dyes 
It is believed that dyeing was practiced as early as 3000 BC in China, Indian and 
Egypt (Trotman, 1975). It is obvious that there were no such things called synthetic dyes 
in 3000 BC, all dyes used were natural dyes (Wingate, 1970; Giles, 1971; Trotman, 
1975). Natural dyes were mainly come from three sources that were plant, animal and 
mineral products (Giles, 1971). Dyer's thistle, also known as safflower {Carthamus 
tinctorius), was one of the earliest natural dye used to produce red and yellow shades in 
2500 BC (Trotman, 1975). Other natural dyes such as indigo was extracted from the plant 
Indigofera tinctoria, alizarin was produced from the root of madder (Allen, 1971)，a dye 
now known as tyrian purple was obtained from one of several species of a mollusk genera 
Murex and Purpura, and kermes was taken from a dried insect, Kermes ilicis (Giles, 
1971). Currently, very few natural dyes such as logwood (C.I�mordant black 1) are still 
in used (Abrahart, 1968; Allen, 1971). 
The reasons of decline or even stop using the natural dyes are because of the 
incapability of natural dyes to produce permanent color in the textile and also the 
complicated dyeing process (e.g. Mordant dyeing) (Venkataraman, 1952; Abrahart, 
1968). But the most critical reason for replacing natural dyes by synthetic dyes is the 
fundamental change in the whole field of dyeing industry in 1856. This new era was 
initiated by William Perkin, who was a master student at that time, oxidized aniline with 
potassium dichromate and produced the first synthetic dye from coal tar (Venkataraman, 
1952; Allen, 1971; Griffiths, 1984). The success of producing synthetic dye by aniline 
1 C.I.- Color index, which is the major source for colorants manufactured worldwide. The 
color index is jointly produced by the Society of Dyers and Colourists (Bradford) and the 
American Association of Textile Chemists and Colorists. Within this index one can find 
the commercial names and suppliers of any dye currently in production, and additional 
information is also given about the properties of the dye such as its color and/or its 
chemical structure. 
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fertilized the mind of the organic chemists all over the world (Trotman, 1975). The 
production of synthetic dyes provided an ease and cost effectiveness material in 
synthesis, firmness, and variety in color as compared with natural dyes (Boyd, 1955; 
Griffiths, 1984). In order to meet the demand for different fibres, dyeing methods and 
increasing consumer needs, research and development in textile dye are continued years 
by years (Griffiths, 1984). At least three million of different synthetic dyes and pigments 
are manufactured since the beginning of the synthetic dye, although only around 10,000 
kinds of dyes have ever satisfied the strict requirements and have reached to the market 
(Griffiths, 1984). The dates of introduction of the most important classes of textile dyes 
are shown in Table 1 • 
1.2 Development of azo dyes 
In 1858, a discovery of diazo reaction by Peter Griess brought another advance in 
the production of synthetic dyes (Boyd, 1955). When aromatic primary amines reacted 
with nitrous acid (produced by the action of hydrochloric acid on sodium nitrite), 
diazonium salts were formed (Venkataraman, 1952; Boyd, 1955; Abrahart, 1968). The 
important property of diazonium salts is that they couple with aromatic amines and 
hydroxy derivatives to form highly colored products with an azo bond (-N=N-) in 
between (Venkataraman, 1952; Boyd, 1955; Abrahart, 1968). 
A well-known class of dye, azo dyes with an azo bond (-N=N-), were obtained 
after sulphonation of this product (Venkataraman, 1952; Boyd, 1955; Abrahart, 1968). 
Sulphonation is a process to make insoluble colored compounds to water soluble dyes 
(Boyd, 1955; Trotman, 1975). Sulphonation can also ionize the dyes to anionic dye ions 
which give them the capacity to combine with the basic groups of wool and silk 
(Trotman, 1975). Therefore, the process of adding sulphonated group (-S03^") into the 
azobenzene structure simplified the dyeing process and at the same time extended the use 
ofazo dye for different fibres (Venkataraman, 1952; Trotman, 1975). 
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Table 1 • The dates of introduction of the most important classes of textile 
dyes (a) dyes for wool, (b) dyes for cotton and (c) dyes for man-
made fibres (Giles, 1971) 
a 
Dyes for wool Year 
A^ ^ 5 
Afterchrome 1897 
Synthetic indigo 1897 
Metachrome 1900 
1:1 Metal-dye complexes 1915 
1:2 Metal-dye complexes 1949 
Reactive 1963 and 1966 
b 
Dyes for cotton Year 
Basic 1856 
Direct 1883 and 1884 
Sulphur 1873 and 1893 
Vat (anthraquinone) 1901 
Vat (indigoid) 1906 
Azoic (Naphtol AS) 1912 
Reactive 1956 
c 
Dyes for man-made Year 
fibre 
Disperse 1923 
New basic dyes 1957 
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Azo dyes are the most important and popular single class of dyes in use (Rafii et 
al, 1990; Brahimi-Hom et aL, 1992; Zhou and Zimmermann, 1993; Annon, 1995; Wong 
and Yuen, 1996). The dominance of azo dyes has been increased in the recent years by 
the economic recession and the rationalization of dye ranges on the part of all the major 
dye manufacturers (Trotman, 1975; Bumpus, 1995). Moreover, azo dyes are low cost and 
have high color strength (approximately twice that of anthrquinones, for example) 
(Bumpus, 1995; Chorlton, 1995; Annon, 1995). Traditionally, azo dyes provided yellow, 
orange and red color dyes, and were not noted for the bright violets, blues and greens 
shades (which were usually provided by the anthraquinone class) (Abrahart, 1968; Rys 
and Zollinger, 1975; Chorlton, 1995). But the augmented concem and demand for azo 
dyes stimulated research to replace the expensive anthraquinones dyes by azo dyes and in 
synthesis of azo dye with violet, blue and green color (Giles, 1971; Griffiths, 1984). 
Nowadays, azo dyes nearly cover all range of colors and applications in textile 
manufacturing (Boyd, 1955; Allen，1971; Bumpus, 1995). 
1.3 Chemistry of color and dyes 
Color (visible light) refer to a narrow range of radiation (400 to 750 nm) within 
the electromagnetic radiation spectrum which the human eye is sensitive (Abrahart, 1968; 
Allen, 1971). If a compound is colored, the frequency of the absorbed radiation between 
the ground and excited states must be within the range of visible light (Abrahart, 1968; 
Allen, 1971; Giles, 1971; Trotman, 1975). It means that the energy level between the 
ground and excited states must be around 40-70 kcal/mol (Abrahart, 1968; Allen, 1971; 
Giles, 1971; Trotman, 1975). The relation between the light absorbed wavelength and the 
corresponding visible color is shown in Table 2. 
Organic compounds with resonance hybrid absorb light within the 
electromagnetic spectrum, but the light is generally colorless (Venkataraman, 1952; 
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Table 2. Relationship between the light absorbed wavelength and the 
corresponding visible color (Allen, 1971) 
Wavelength of light absorbed SI (nm) Absorbed light Visible color 
400-435 Violet Yellowish-green 
435-480 Blue Yellow 
480-490 Greenish-blue “ Orange 
490-500 Bluish-green Red 
500-560 Green Purple 
560-580 Yellowish-green Violet 
580-595 Yellow Blue 
595-605 Orange Greenish-blue 
605-750 ^ Bluish-green 
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Abrahart, 1968; Allen, 1971; Trotman, 1975). It is because that resonance is always 
restricted in a high energy level between the ground and excited states (Venkataraman, 
1952; Abrahart, 1968; Allen, 1971; Trotman, 1975). The simplest example is the benzene 
ring (Venkataraman, 1952; Abrahart, 1968; Allen, 1971; Trotman, 1975). Both structures 
i.e. ground and excited states of benzene, do not really exist but as a resonance hybrid, a 
condition described as a mesomeric state (Venkataraman, 1952; Abrahart, 1968; Allen, 
1971; Trotman, 1975). Benzene ring absorbs light with wavelength at 250 nm which is 
colorless (Venkataraman, 1952; Abrahart, 1968; Allen, 1971; Trotman, 1975). Therefore, 
if a compound with a benzene ring has to be colored, resonance should not be restricted to 
redistribution of valences within the ring (Venkataraman, 1952; Abrahart, 1968; Allen, 
1971; Trotman, 1975). A simple example of the relation between resonance and color is 
shown by an indicator methyl orange (Trotman, 1975). In the presence of base, methyl 
orange exists in the form shown in Figure la in which the resonance is restricted to 
valency changes within the benzene rings. But in the presence of acid, excess hydrogen 
ions convert the molecule to Figures lb and lc which are highly colored because the 
resonance is possible between the alternative states Figures lb and lc. Another simple 
example is shown by the carbocyanine dye in Figure 2 (Trotman, 1975). Lengthen the 
conjugated chain increases the number and decreases the energy gaps between the n 
orbital. As a result, less energy is required to excite the electron and so increase the 
wavelength of absorbed light. The relation between the number of double bonds and the 
emitted visible color (red shift of absorbed light, blue shift of reflected visible color) is 
shown in Table 3 and the effect of conjugation on energy relationships is shown in Figure 
3. 
Other than the unsaturated components (e.g. azo, benzene and double bond), to 
synthesize intense and bright color, the compound should also contain an electron-donor 
or electron-acceptor group to retain charges more readily to increase the stability of the 
alternative configurations (Abrahart, 1968; Giles, 1971). For example, the alternative 
configurations ofazobenzene (chromophoric groups) are indicated in Figures 4(i) to 4(v). 
When a electron acceptor (-NO2-) and a electron donor (-OH-) groups (auxochromic 
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(a) 
- 0 > ^ ^ ~ N = N ~ ^ ^ ^ N ( C H 3 ) 2 
(b)/(c) 
H O 3 S - - - ^ ^ ^ - N H - N = < ^ ^ = N ( C H 3 ) 2 
A 
f 
H 0 3 S - < ^ ^ ^ N H = N - ^ ^ 3 > - N ( C H 3 ) 2 
Figure 1. Change of color of methyl orange in (a) alkaline and (b) (c) acidic conditions 
(Trotman, 1975) 
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Figure 2. Structure of carbocyanine dye (Trotman, 1975) 
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Table 3. Relationship between the number of double bond and the emitted 
visible color (Trotman, 1975) 
Number of double bond Visible color 
n = 0 Yellow 
n二 1 Red 
n = 2 Blue 
n = 3 Green 
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CH2 = CH2 lTi 
CH2=CH-CH=CH2 爪 
CH2=CH-CH=CH-CH<H2 
Figure 3. Effect of conjugation on energy relationships (Trotman, 1975) 
1 0 
+ 0 N - N = 0 — 0 - ^ - N = o - — 0 顿 0 
(i) (ii) (i") 
— - C > N - ^ — - 0 - K > 
(iv) (V) 
Figure 4. Hybride of azo-benzene (i), (ii), (iii), (iv) and (v) (Giles, 1971) 
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groups) are attached to the azobenzene molecule, the alternative electronic configuration 
in Figure 5(ii) is more stable than that in Figures 4(i), 4(ii), 4(iii) and 4(v). It is because 
that the charges are now held on oxygen or nitrogen atoms, which retain them more 
readily than that of carbon atom (Giles, 1971). The result is that the compound in Figure 
5(ii) has a more intense color than azobenzene (Giles, 1971). 
In 1846，Witt suggested that groups such as nitro，nitroso, azo, and carbonyl 
conferred upon a substance the potentiality of becoming colored were called 
chromophores (Venkataraman, 1952; Abrahart, 1968; Allen 1971; Trotman, 1975). 
However, in order to synthesize an useful dye, the molecule should contain, in addition to 
the chromophore, amino, substituted amino, hydroxyl, sulphonic or carboxyl groups 
which act as the electron-donor or electron-acceptor groups or atoms were called 
auxochromes (Venkataraman, 1952; Abrahart, 1968; Allen 1971; Trotman, 1975). 
Assorted dyes can then be produced by composing different number and types of 
chromophores and auxochromes to meet the requirements of various dyeing materials and 
methods. 
1.4 Classification of textile dyes 
Dyes are generally classified according to their chemical structures and their 
application properties (Abrahart, 1968; Griffiths, 1984). The first classification is more 
interested by the dye synthetic chemist, with the second classification is of greatest value 
to the color user (Griffiths, 1984). Dye classified according to their chemical structures 
would form at least 30 classes. The typical dye structures are shown in Figure 6 (Allen, 
1971； Trotman, 1975). The most commercially important classes of synthetic dyes are the 
azo, anthraquinone and triarylmethane dyes (Griffiths, 1984; Annon, 1995). Dyes 
classified according to their applications are divided mainly into 8 groups: basic dyes, 
acid dyes, direct dyes, mordant dyes, azoic dyes, vat dyes, disperse dyes and reactive dyes 
(Venkataraman, 1952; Abrahart, 1968; Trotman, 1975). Since there are little correlation 
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> ^ ^ ^ N = N > < ^ ^ K ) H — ^ = < ^ ^ = N - N = < ( ^ ^ 6 H 
(i) (ii)� 
Figure 5. Alternative electronic configuration of azo-benzene molecule (i) and 
(ii) attached with two auxochromic groups (Giles, 1971) 
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Group Typical structural unit 
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Diphenyl methane NH==C 
x ^ 
� x ^ 
Triaryl methane � >—C 
^ X 3 
o 
^ 一 o - ^ ^ 
Xanthene 
v — ? ~ \ / * 
R 
Figure 6. Typical structure of dyes (Trotman, 1975) 
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Figure 6. Typical structure of dyes (cont'd) 
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between these two classification methods, some members (e.g. azo dye) in the groups 
based on a type of classification (e.g. structure) will present in different class of groups 
(e.g. reactive dye and disperse dye) under other types of classification (e.g. application). 
Basic dyes are cationic dyes bearing positive charges (Schwarz, 1957; Wingate, 
1970). To apply them for cotton dyeing it is required to give a tannin mordanting 
treatment (Abrahart, 1968; Wingate, 1970). The resulting fastness of the dyes was only 
moderate and the style is now virtually obsolete. Basic dyes may be applied to wool and 
silk without mordant, but the results are characterized more by brightness than fastness 
(Wingate, 1970). Specially developed basic dyes are widely used on acrylic fibres upon 
which they are quite fast (Trotman, 1975). , 
Acid dyes are a large class of dyes responsible for dyeing of protein fibres, such 
as wool and silk (Abrahart, 1968; Wingate, 1970). They are normally applied in an acid 
bath and hence got the name (Abrahart, 1968; Wingate, 1970). In addition, they are also 
applied in nylon dyeing and printing (Abrahart, 1968). They are anionic in nature and the 
molecules bear negative charge. 
Direct dyes are characterized by their importance for cotton without the need for a 
pre-mordanting treatment (Wingate, 1970). An extensive range of dyes is available both 
in color and in fastness. The disadvantage for the dye in printing is the lack of washing 
fastness (Schwarz, 1957; Wingate, 1970). 
Mordant dyes are applied to the fibre in conjunction with a metal salt (Abrahart, 
1968; Allen, 1971). The character of dye-metal complex possesses greater fastness than 
the dye alone (Abrahart, 1968; Allen, 1971). Some mordant dyes are of natural origin and 
used more than fifty years ago such as logwood (Trotman, 1975). These dyes are only 
very rarely encountered in modem textile printing because of the complicated mordant 
process (Venkataraman, 1952; Schwarz, 1957). 
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Azoic dyes are applied in printing, mainly for cellulosic fibres (predominantly 
cotton) (Wingate, 1970; Allen, 1971). The name of the dyes are obtained by forming in 
situ within the fibre via the reaction of two components: the diazo and the coupling 
components (Abrahart, 1968; Trotman, 1975). The two components are applied 
separately, the coupling component first and then followed by the diazo component 
(Abrahart, 1968; Trotman, 1975). The chemical properties of diazo compounds enabled 
them to mix with coupling compounds without generating the dye immediately (Abrahart, 
1968; Trotman, 1975). 
Vat dyes contain keto groups and are water insoluble (Allen, 1971). In alkaline 
solution a reducing agent such as sodium hydrosulphite will react with the insoluble dye 
and produces soluble leuco compound (Abrahart, 1968; Allen, 1971). It means that the 
dye staining the fibre is the sodium salt of the leuco compound (Abrahart, 1968; Allen, 
1971). The reaction is reversed under an oxidation treatment (Abrahart, 1968). The most 
famous example of vat dyes is indigo (Allen, 1971). Vat dyes are further classified into 
thioindigoid vats and anthraquinonoid vats (Abrahart, 1968; Allen, 1971). 
Disperse dyes are insoluble in water (Venkataraman, 1952; Trotman, 1975). They 
sold in the form of aqueous dispersions or redispersible powders or grains (Abrahart, 
1968). They were originally introduced for the dyeing of cellulose acetate (Wingate, 
1970). Modem disperse dyes are printed on Terylene' polyester fibre, cellulose acetate 
and cellulose triacetate (Venkataraman, 1952). 
Reactive dyes were first marketed by Imperical Chemical Incorporation (ICI) in 
1956 (Allen, 1971). This class of dyes undergo a chemical reaction with cellulose fibres 
directly (Wingate, 1970; Allen, 1971). This produces a covalent dye fibre-bond which 
gives dyeing and printings of excellent washing fastness (Allen, 1971; Carr, 1995). 
Dyeing of wool and silk are also possible, while on nylon, although some of the dyes fix 
well, the molecular size of some of the dyes are too large to penetrate the nylon 
efficiently. So reactivity and dye stability may vary widely (Trotman, 1975). 
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1.5 Reactive dyes 
Reactive dyes are the most widely used dye in the dyeing industry, and they also 
contain a great variety of colors for different fibres (Hu, 1992; Carr, 1995). According to 
the customs statistics in China, it showed that total import of synthetic dyestuff during 
January-September in 1995 are 4,775 tons of reactive dyes, 2,646 tons of disperse dyes, 
1,626 tons of acid dyes, 458 tons of basic dyes and 3,665 tons of direct dyes (Annon, 
1996). The extensive applications of reactive dyes are due to their unique chemical 
bonding with fibre (Hallas, 1984; Carr, 1995). Reactive dyes composed of reactive groups 
capable of forming covalent bonds between the carbon atoms of the dye ions or 
molecules and the oxygen, nitrogen or sulphur atoms of the hydroxy, amino or mercapto 
groups, respectively, of the substrates (Allen, 1971; Rys and Zollinger, 1975). The 
concept of fixing a dye to a cellulose substrate through a covalent bond was first 
suggested by Cross and Bevan in 1895 that was 40 years after the discovery of the first 
synthetic dye, but the idea was unsuccessful until in 1954 (Allen, 1971; Rys and 
Zollinger, 1975). The first practical success was achieved by Rattee and Stephen ofICI 
(Allen, 1971; Hallas, 1984). They discovered a dye containing dichlorotriazinyl groups 
reacted with cellulosic fibre in alkaline condition to give dyeing with very high fastness 
to wet treatment without significant weakening of the fibre (Allen, 1971; Hallas, 1984). 
The first reactive dye was marketed in 1956 by ICI, which was the initial member of what 
is now called the Procion M class (Allen, 1971; Giles, 1971; Hallas, 1984). The attractive 
performance of reactive dyes on modem dyeing initiated the investigations of new 
reactive groups and of application methods for cellulosic fibres by all the major dyestuff 
manufacturers (Allen, 1971; Rys and Zollinger, 1975). 
Reactive dyes are composed with 4 structures: reactive group, bridge link, 
chromogen and water-soluble group, in some cases the reactive group is attached directly 
to chromogen (Rys and Zollinger, 1975). The reactive groups in reactive dyes of the 
major dye manufacturers of the world are shown in Table 4. All reactive groups are based 
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Table 4. Reactive groups in reactive dyes of the major manufactures of the world 
(Rys and Zollinger, 1975) 
Reactive group Year of Trade name and 
introduction manufacturer 
( ^ — S O j - C H - C H , + @ - S O , - C H , - C H , - O S O , H 1952 Remalan (FH) 
@ >NH-C0-CH,C1 and ® . ^ ^ ^ ^ 1954 Cibalan BrilUant (CIBA) 
N"SmR 
^ _ N H " < / N 1956 Procion MX (ICI) 
^^C. 
N"<C1 
®_ N H ~ < / N 1957 Cibacron(CIBA) 
N=^ 
" ^ N H - R 
ditto 1957 ProcionH(ICI) 
@ - S O , - C H , - C H , - S O 3 H 1958 Remazol(FH) 
^ - S O , - C H i - C H , - O S O j H (metal complexes) 1958 RemaIan Fast (FH) 
/ 0 \ 
^^ -NH—CHj—CH-CH, and others (disperse dyes) 1 9 5 8 PrOCinyl ( I C I ) 
^ \ ^ ' 1960 Drimarene (S) 
( ^ - N H ^ N 
^ N=< 
CI 
ditto 1960 Reactone (Gy) 
@ _ S O , - N H - C H , - C H , - O S O 3 H 1960 Levafix (BAY) 
g ) - N H - C O - f ^ ^ Y ^ ' 1961 LevafDcE(BAY) 
W ^ N ^ C 1 
© - N H - C O - C H ^ C H , - C l 1961 Primazin (BASF) 
+ ( ^ - N H - C O - C H - C H , - O S O , H 
^ … — L , 1962 Wool Fast Turquoise 
0 - S O - N H - C H , - C H - S S O 3 H Blue SW (FH) 
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on the group (H^Y") present in cellulose, protein and nylon fibre, such as OH group, 
which is able to react as nucleophilic substrate with the dyes (Allen, 1971; Rys and 
Zollinger, 1975). Bridge link plays a role in dye synthesis (Rys and Zollinger, 1975). It 
influences the reactivity of the reactive system, degree of fixation and the stability of the 
reactive dyeing (Rys and Zollinger, 1975). Chromogen is the colored part of a reactive 
dye (Giles, 1971, Rys and Zollinger, 1975). Metal free mono-azo dyes are responsible for 
yellow, orange and red (Rys and Zollinger, 1975). Cupriferous mono-di-azo dyes are 
responsible for ruby, violet and navy (Rys and Zollinger, 1975). Derivatives of 1 -amino-
4-arylamino-anthraquinone-2-sulphonic acid and phthalocyanine derivatives are 
responsible for bright blue and diazo dyes are for black color (Allen, 1971; Rys and 
Zollinger, 1975). Sulphonic acid group is the solubilising component used in dye 
molecules (Venkataraman, 1952; Giles, 1971). Generally, reactive dyes for cellulose and 
protein fibres require 1 to 3，and in a few cases 4，sulphonic acid groups, but reactive 
disperse dyes for nylon fibres usually do not required special solubilising groups (Rys 
and Zollinger, 1975). 
1.6 General properties of fibres 
There are many fibrous structures in nature, but only those can be spun into yams 
suitable for weaving or knitting can be classified as textile fibres (Trotman, 1975). In 
order to get a position in the market, textile fibres must contain other fundamental 
properties. First of all, the fibre must be readily obtainable in adequate quantities at a 
reasonable price (Trotman, 1975). Secondly, it must have sufficient strength, elasticity, 
and spinning power (Trotman, 1975). In addition, the durability, softness, absence of 
undesirable color, and an affinity for dye are also the factors concerned (Trotman, 1975). 
However, for the fine yam which is easily break down under the stresses imposed on it 
during manufacture is usually imparted temporary strength by a process known as sizing 
(Trotman, 1975). Sizing refer to the process which some easily removed substances such 
as starch or dextrin impregnated the thread in order to strength yarn for dyeing (Trotman, 
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1975). The size is usually removed before the dyeing or bleaching. Textile fibres are 
generally classified according to their sources (Wingate, 1970; Giles, 1971): 
1. Naturally-occurring fibres of vegetable origin, 
2. Naturally-occurring fibres of animal origin, 
3. Regenerated man-made fibres which use some naturally-occurring substance as the raw 
material, 
4. Synthetic man-made fibres which use some simple artificially-prepared organic 
compounds as the initial raw material and 
5. Mineral fibres which are entirely inorganic 
(a) Cotton 
Cotton is an example of naturally-occurring fibres of vegetable origin (Wingate, 
1970; Carter, 1971). It is the oldest and the most important material for textile dyeing 
(Scherer, 1954; Woodward, 1955; Allen, 1971). It has been used in the East and Middle 
East for thousand of years (Trotman, 1975). Each cotton fibre is a unicellular hair 
collected from the seed of the cotton plant (Wingate, 1970; Carter, 1971). Raw cotton 
consist of about 80% of cellulose (Figure 7) and also some impurities such as oil and 
wax, protein, coloring matter and mineral matter (Allen, 1971; Trotman, 1975). Cellulose 
has an empirical formula of {C^ H^ QO^ X. Pure cellulose is white in color with specific 
gravity of 1.5 g/cm^ (Mauersberger, 1954). It is insoluble in water and organic solvents, 
but dissolve in ammoniacal copper hydroxide and in concentrated solutions of certain 
salts such as zinc chloride and calcium thiocyanate (Scherer, 1954; Trotman, 1975). The 
monomer of cellulose is glucose (Allen, 1971; Giles, 1971; Trotman, 1975), and the 
glucose unit is linked together by P-l,4-glycosidic bonds (Allen, 1971; Carter, 1971). 
Hydroxyl groups of cellulose in the 6-positions are responsible for the dye binding 
(Allen, 1971;Rys and Zollinger, 1975). 
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CH2OH H OH 
v 4 — o v v M \ / 
• . . o A ^ / \ / 、 军 一 。 / 、 • . • 
H OH CH2OH 
Figure 7. Structure ofcotton (Giles, 1971) 
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(b) Wool 
Wool is the animal fibre with paramount position from the body of sheep 
(Wingate, 1970; Carter, 1971). Wool fibre is complex in structure and composed 
essentially of three tissues, the cuticle, cortex and medulla (Wingate, 1970; Carter, 1971). 
The specific gravity of wool is 1.3 g/cm^ (Mauersberger, 1954). Generally, wool is like 
other hairs, animal homs, and finger-nails, is composed of a special protein called keratin 
(Allen, 1971). However, the percentage of keratin in wool may vary between 30 to 70% 
(Trotman, 1975). The impurities of wool fibre are mainly dirt, suint, fat and mineral 
matters (Carter, 1971; Trotman, 1975). Keratin consists of proteins which are the ultimate 
stage of complexity of organic matter before it becomes living tissue (Trotman, 1975). 
The basically unit of protein fibre is shown in Figure 8. The dye binding sites of wool are 
mainly in the variety of amino acid residues (Abrahart, 1968; Allen, 1971; Carter, 1971). 
(c) Cellulose triacetate 
Cellulose triacetate is a well-known regenerated man-made fibre by acetylation of 
cellulose (Allen, 1971). It was first introduced by Schutzenburger in 1869 (Wingate, 
1970; Trotman, 1975). He prepared the cellulose triacetate by substitution of the three 
hydroxyl groups in the glucose residue with acetyl radicals (Wingate, 1970; Trotman, 
1975). The specific gravity of cellulose triacetate is 1.32 g/cm" (Carter, 1971). The 
production methods were not intact until 1918 in which the experience gained in the 
manufacture of acetate and the reduction in cost of acetone, acetic anhydride, and other 
chemicals achieved by large-scale production (Wingate, 1970; Trotman, 1975). The 
structure of cellulose triacetate was shown in Figure 9. The substitution of hydroxyl by 
acetyl groups in the glucose residue destroyed the affinity for most of the dyes used for 
cellulosic fibres (Wingate, 1970; Allen, 1971; Trotman, 1975). Therefore, it was not 
familiar in the early day until the development of insoluble azo dye and other color 
compounds retained in suspension with sulphoricinoleic acid (Trotman, 1975). 
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Figure 8. Structure of wool (Giles, 1971) 
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Figure 9. Structure of cellulose triacetate (Giles, 1971) 
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(d) Nylon 6.6 
The synthetic fibres differ from those classified as regenerated fibres because of 
the giant molecules of synthetic fibres are composed and synthesized from quite simple 
monomers (Trotman, 1975). The raw materials are not naturally occurring and are very 
often derived from by-products of the destructive distillation of coal or the cracking of 
petroleum (Wingate, 1970; Trotman, 1975). The first artificial fibre built up from non-
polymeric starting materials was nylon which was discovered by W.H. Carothers and 
initially manufactured by DuPont in 1938 (Wingate, 1970; Allen, 1971). Nylon 6.6 
obtained by polymerisation of the salt of adipic acid and hexamethyl-enediamine was the 
first synthetic fibre produced commercially (Allen, 1971; Carter, 1971). The structure of 
nylon 6.6 is shown in Figure 10. It has a structure [-NH(CH2)6NHCO(CH2)4CO-],,, where 
n varies from 50 to 90 (Allen, 1971). The specific gravity of Nylon 6.6 is 1.14 g/cm^ 
(Mauersberger, 1954; Carter, 1971). Nylon 6.6 can be dyed by many disperse, acid and 
direct dyes (Allen, 1971). Since many suitable dyes are available，commercial dyes for 
nylon 6.6 are usually selected from products already manufactured for other purposes, 
and new dyes have not been required (Allen, 1971). 
1.7-Dye-fibre bonds 
Dye-fibre bonding systems are extensively studied in order to improve the dyeing 
process and fastness (Vickerstaff, 1954; Allen, 1971; Giles, 1975). Traditionally, the 
chemists tended to classify dyeing processes by the nature of the supposed dye-fibre 
binding forces (Giles, 1975). However, it seems that such forces may play a less 
significant role, than that hitherto assumed (Giles, 1975). It is now quite clear that there 
was more than one mechanism involved between the attachment of fibre and dye (Allen, 
1971). There are four types of forces exert between the attachment of fibre and dye. 
These forces are: the surface energy, intermolecular forces, charge-transfer forces and van 
der Waals forces (Vickerstaff, 1954; Allen, 1971; Giles, 1975). They may present alone 
or as a component of different binding forces. 
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Figure 10. Structure of nylon 6.6 (Allen et al, 1989) 
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(a) Surface energy 
Many fibres have enormous specific areas so that the surface area relative to 
weight of fibre is relatively high. For examples, cotton, rayon and wool have surface per 
weight ratio about 100 m^ per g (Giles, 1975). The enormous surface areas are provided 
by the internal pore, while the external surface areas of the fibre only contributes less than 
0-1% of the total surface areas (Giles, 1975). When the fibre is submerged into the dye-
bath, dye molecules will penetrate the pore and in contact with the intemal surface of the 
fibre. At the same time, an interface is formed between the polymer and the dye solution. 
The formation of interface on the intemal surface of the fibre is the fundamental concept 
to understand the dyeing process (Vickerstaff, 1954; Giles, 1975). Gibbs in 1878 
(Vickerstaff, 1954; Giles, 1975) provided an adsorption equation to explain the dye-fibre 
adhesion by energy force. The equation showed the relation between the surface tension 
of the solution and the difference in concentration of the solute at the surface and in the 
bulk of the solution. If the surface tension of the solvent is reduced by the solute, then the 
solute will concentrate at the surface, while if the surface tension is raised, the solute will 
move away from the surface into the bulk of the solution (Vickerstaff, 1954). Practically, 
it is found that most water-soluble organic compounds, including dyes, have the ability to 
reduce the surface tension of water; and thus dyes concentrate at the surface (Vickerstaff, 
1954; Giles, 1975). Highly hydrated substances, such as the highly ionized inorganic salts 
and amongst organic compounds, e.g. glycerol and sugars, tend to increase the surface 
tension and therefore the solutes move away from the surface. In both situations, the 
solutes tend to concentrate in the region of lower energy (Vickerstaff, 1954; Giles, 1975). 
An experiment was conducted using highly purified direct dye on cellulose without salt 
adding. The results showed that the dye molecules are 69 times more concentrated at the 
surface layer than in the bulk of the dye solution (Giles, 1975). Thus, if no extra-
thermodynamic factors interfere the energy force, the dye molecules can bind on any 
hydrophilic fibre without the need of chemical bonding (Vickerstaff, 1954; Giles, 1975). 
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(b) Intermolecular forces 
Interaiolecular forces are originated from the movement of electric charges 
(Chanda, 1979; Alcock, 1990). The bonding induced by those forces are generally 
classified into covalent bond, ionic bond and hydrogen bond (Giles, 1975). Covalent 
bond is the classical primary valency bonds of chemistry (Chanda, 1979; Giles, 1975； 
Alcock, 1990). The two adjacent atoms contribute one electron to the common linkage 
and the two electrons thus shared to unite the atoms with a bond (Chanda, 1979; Giles, 
1975; Alcock, 1990). The bonding energy is the highest for covalent bond about 84 to as 
large as 840 kJmol'^ (Giles, 1975). The bonds between the reactive dyes and fibres are of 
this type (Rys and Zollinger, 1975; Trotman, 1975). Because of the high energy bonding, 
dye molecules are difficult to disrupt and account for the high fastness of such dyes to 
wet treatment (Rys and Zollinger, 1975). 
When two atoms share a pair of bonding electrons, but one can exert a 
preponderant attraction for both electrons such as that of the chlorine atom in sodium 
chloride, the bond formed between the two atoms is ionic bond (Alcock, 1990). The 
atoms in ionic bond may be separated as opposite charged ions QSfa+Cr) if they are placed 
in a liquid with a high dielectric constant, e.g. water. They then dissolve and move 
independently in the solution and at the same time mutual electrostatic attraction between 
the atoms decrease with the square of their distance of separation (Alcock, 1990). Ionic 
bonding plays a large part in the dyeing of protein fibres and certain man-made fibres 
(Vickerstaff, 1954; Giles, 1975). 
The very small size and consequent very high polarizing power of the hydrogen 
ion, or proton, causes it under certain conditions to form bonds with other atoms 
simultaneously (Giles, 1975). The H atom covalently bounds to one of the high electron 
drawing atom such as N, 0 or F, but in some cases, C1, S or C (Chanda, 1979; Alcock, 
1990). The hydrogen bond can be acted in five different ways (Giles, 1975; Chanda, 
1979): 
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1. Intermolecularly and extending over many molecules, such as in water molecules, 
2. Intermolecularly, in which two molecules are connected in a dimer, such as in acetic 
acid molecules, 
3. Intermolecularly, where a >C=C< double bond or by the 7r-electr0n system of an 
aromatic nucleus, such as in benzene ring donate the electron for binding. This bond is 
relatively important in dyeing, where a 71-bond between the aromatic nucleus and a 
hydroxy group in a disperse dye may be bound by this forces, 
4. Intramolecularly, whereby the chemical form a chelate ring by itself, and 
5. Intramolecularly in an ion such as HF2'. 
For example, direct dyes move into the cellulose structure and become attached by the 
hydrogen bonds between the hydroxyl groups in the cellulose and azo, amino, hydroxyl 
or amide groups in the dye molecules (Allen, 1971). 
(c) Charge-transfer forces 
The charge transfer forces are produced between an electron-deficient and 
electron rich atoms (Giles, 1975; Alcock, 1990). For example, lone pair of electrons in 
the atom are potential nucleophilic groups for charge transfer adhesion with electrophilic 
groups (Alcock, 1990). The combination formed the so-called charge-transfer complexes 
(Giles, 1975). It is possible that the charge transfer mechanism is involved in the bonding 
of disperse dyes to hydrophobic fibres (Giles, 1975). 
(d) van der Waals forces 
The forces are named by van der Waals in 1873 (Giles, 1975). Some scientists 
stated that van der Waals forces are belong to physical forces rather than chemical forces 
(Rys and Zollinger, 1975). These forces are sometimes used to describe the hydrogen 
bonds, dipole-dipole, dipole-induced dipole and n orbital forces (Chanda, 1979; Alcock, 
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1990). The forces exerted are comparatively weak but they happened more extensively 
(Giles, 1975). 
(e) Mechanism of reactive dye-fibre bonding 
Procion MX and remazol dyes are the examples used to demonstrate the 
mechanism of dye and fibre bonding. In Section 1.5, the corresponding reactive groups of 
procion MX and remazol dyes are reviewed. For procion MX, dichlorotriazines group is 
responsible for the nucleophilic addition-elimination substitution (Allen, 1971; Rys and 
Zollinger, 1975). The mechanism is shown in Figure 11. Nucleophilic group of the 
substrate such as the Cell-0' group of cellulose is added on the heterocyclic carbon ofthe 
dichlorotriazine group, while the C1' group will be eliminated (Rys and Zollinger, 1975). 
The process is carried out under alkaline condition in order to successfully expose the 
nucleophilic group in the fibre and at the same time eliminate the C1' group from the dye. 
For remazol dye, the substrate reacts with the dye by direct substitution to the carbon 
atom (Figure 12a) or addition of the nucleophilic group of the substrate to a C=C double 
bond on the reactive dye (Figure 12b) (Allen, 1971; Rys and Zollinger, 1975). The double 
X 
bond of the reactive group is not present in the remazol dye until sulphuric acid is 
abstracted from the sulphuric acid esters of P-hydroxyethylsulphones in the dye bath 
(Allen, 1971; Rys and Zollinger, 1975). Thus, the dyeing process has to be carried out 
under alkaline condition in order to produce the double bond (Allen, 1971; Ganesh et al., 
1994). 
1.8 Ecological aspect and toxicity of dyes 
In 1990，about 129,000 tons of dye were produced by 20 dye manufacturing 
companies in US (Annon, 1995). The loss of dyes to the environment during the 
manufacturing and dyeing process was unknown. But according to the data from Holme 
(1984) (Table 5), the estimated losses per annum of textile dye during manufacture and 
processing operations were about 12%. In the other words, if it is assumed that the 
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Figure 11. Nucleophilic addition-elimination substitution of procion MX reactive 
dye (Rys and Zollinger, 1975) 
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Figure 12. Dyeing mechanisms of remazol dye (a) direct substitution and (b) 
nucleophilic addition of substrate to a C=C bond on remazol dye (Rys 
and Zollinger, 1975) 
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Table 5. Estimated losses of synthetic organic colorants from manufacturing and 
processing operations (Holme, 1984) 
% Losses in 
Production (t) Production Processing~" Total loss (t) 
Textile dyestuffs 360,000 2 To 43,000 
Paper/leather 90,000 2 6 7,000 
Organic pigments 150,000 1 1-2 4,000 
Others 40,000 2 10 5,000 
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percentage loss of dye was same after 10 years, then the loss of dye to our environment 
would be 15,480 tons in US per year. In 1992, approximately 10,000 different dyes and 
pigments are used industrially, and over 700,000 tons ofthese dyes are produced annually 
worldwide (Spadaro et al., 1992; Cao et aL, 1993). According to the estimation by 
Vaidya and Datye (Spadaro et aL, 1992), the loss of dye in the effluent during the dyeing 
process was about 10 to 15%. In the other words, 84,000 tons or more of dyes were 
discharged into our environment in 1992. These hundred thousand tons of dye invaded 
our environment via the air, water and soil media (Bumpus and Brock, 1988; Bumpus, 
1995; Femando and Aust, 1995). Since dyes are recalcitrant to biodegradation and 
persistent in the environment (Porter, 1973; Bumpus, 1995). The adverse effects of dye 
are accumulating days to days (Riva et al., 1992; Kiwi, 1994). For example, solvent red 1， 
an azo dye and solvent yellow 33, an quinoline dye were transformed with half-lives o fa 
few days and months, respectively under anaerobic condition which is favorable for dye 
reduction (Baughman and Weber, 1994). Obviously, the first impact of such great 
contamination is colorated our aquatic (Bumpus, 1995) and terrestrial (Miyamoto and 
Tram, 1979) environment which are aesthetically unacceptable (Banat et al., 1996). But 
the main concerns of these pollutants are the influence and toxicity of the dye-containing 
materials to the ecosystem and even more important to the living organisms. 
(a) Toxicity to microorganisms 
Toxicity of dyes on microorganisms are extensively studied (Ogawa et al., 1981; 
Ghosh et al., 1993; He and Bishop, 1994; Field et al., 1995; Michaelidous et al., 1995), 
especially in the wastewater treatment work (Edwards, 1972; Porter and Snider, 1976; 
Brown and Weintraub, 1982; Idaka et al., 1985; Zhang et al., 1995). Since dye-containing 
wastewater are mainly discharged into wastewater treatment plants (Radding et al., 1978; 
Shaul et al., 1991; Ganesh et al., 1994), dyes in activated sludge do not only affect the 
dye degradation process, at the same time, they will influence the performance of the 
wastewater treatment plant (Edwards, 1972; Griffiths, 1984; Idaka et al., 1987). Kanekar 
and Samaik (1991) stated that many dyes and pigments-containing effluent are known to 
be toxic to living systems. Raab (Foote, 1968) discovered that microbial cells are killed 
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by light in the presence ofsensitized dye and oxygen. Ogawa et al. (1981) presented that 
dyes inhibited the respiration rate of activated sludge microorganisms. The nitrification 
process in municipal wastewater was also inhibited by the azo dyes (Specchia and 
Gianetto, 1984; He and Bishop, 1994). Martin and Logsdon (1987) and Tratnyek et al. 
(1994) the photo-inhibition effect of textile dyes on the growth of Escherichia coli. Other 
microorganisms, such as Nostoc calcicola (nitrogen fixing cyanobacterium) (Shukla and 
Gupta, 1992) and Bacillus subtilis (Groff and Kim, 1989) were tested to determine the 
toxicity of textile dyes. 
The toxicity of textile dye to bacteria may be caused by the photosensitizing 
properties of dyes (Foote, 1968; Martin and Logsdon, 1987; Tratnyek et aL, 1994; 
Halmann, 1996). Generally a dye molecule absorbs light and leads directly to 
photodegradation, but commercial dyes are designed to resist photodegradation by 
efficiently releasing the photon energy they acquired to nearby molecules (Tratnyek et 
al., 1994). In the other words, in photosensitized reactions electronically excited dye 
molecules (1)，converted to a longer lived triplet state from a primary very short-lived 
singlet state through the intersystem crossing (ISC) (2), and then transferred their energy 
to other molecules (Foote, 1968; Halmann, 1996). The energy transfer can be taken place 
by type I and type II reactions (Foote, 1968; Halmann, 1996). In type I reaction, the 
triplet-state photo-sensitizer directly oxidize the substrates (3), while in type II reaction, 
the energy is transferred to molecular oxygen (4), which thus become to its singlet state 
and indirectly oxidize the substrates by the singlet oxygen (5) (Foote, 1968; Halmann, 
1996). The corresponding reactions are shown below: 
'Dyeo + hv ^ ^Dye, (1) 
'Dye, ^ ^ y e , (ISC) (2) 
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• 
^ y e , + Xo ^  ^Dyeo + X , — — ( 3 ) 
'Dye, + O^2 — 'Dyeo + ^0^ …―(4) 
O^2 + Xo^^O2 + X, (5) 
The processes which raise the photosensitized molecules to an excited state by light 
absorption at certain wavelength, and indirectly transfer the energy to oxygen molecule 
and produce singlet oxygen are called photosensitized reaction (Halliwell and Gutteridge, 
1989). The toxicity of photosensitized reaction to a variety of organisms are called 
photodynamic effect (Tratnyek et al., 1994). The photodynamic effect can be induced by 
direct interaction between the excited sensitizer and the target cell constituents, or 
indirectly by the activated oxygen species like singlet oxygen (Tratnyek et al., 1994). 
According to Halliwell and Gutteridge (1989)，a free radical is any species 
capable of independent existence that contains one or more unpaired electrons (An 
unpaired electron is one that occupies an atomic or molecular orbital by itself). Therefore, 
singlet oxygen is not a free radical, while oxygen molecule which occurs naturally is 
qualified as a free radical (Halliwell and Gutteridge, 1989). In respect to their energy 
content, singlet oxygen has an energy of 22.4 Kcal above the ground state of oxygen 
molecule and thus singlet oxygen is a more reactive form of oxygen (Halliwell and 
Gutteridge, 1989). The toxicity of singlet oxygen to biological systems can be categorized 
into two cases: (1) directly combines the chemical with it or (2) transfers its excitation 
energy to the chemical, resulting to the ground state of singlet oxygen while the chemical 
enters an excited state (Halliwell and Gutteridge, 1989; Tratnyek et al., 1994). The latter 
pathway is known as quenching (Halliwell and Gutteridge, 1989). These two mechanisms 
can occurred separately or together. Here are some examples indicate the probable toxic 
mechanisms of singlet oxygen to the microorganism: 
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(i) DNA (Martin and Logsdon, 1987) 
-Producing complex mixture of products from all types of reactions with purine and 
pyrimidine bases, such as uracil hydroperoxide formation and subsequent decomposition. 
(ii) Cysteine (Halliwell and Gutteridge, 1989) 
-Producing disulphide (R~~S~S~~R) and sulphonic acid (R~SO3H) from cysteine 
molecule 
(iii) Histidine (Halliwell and Gutteridge, 1989) 
-Producing endoperoxide which is then decomposed into a complex mixture of products. 
(iv) NADPH (Martin and Logsdon, 1987) 
-Converting NADPH into NADP+ rapidly 
Singlet oxygen produced from photosensitized reaction, does not only influence 
the microorganisms, it also enhances the photooxidation of other organic compound 
around. For example, phenolic substances undergo photooxidation in the environment 
mainly by direct photolysis and oxidation by singlet oxygen and organic peroxy radicals, 
R00- from natural organic matters, respectively (Hwang et al., 1987). However, in the 
presence of photosensitizer like dye, the rate of phenol oxidation by singlet oxidation 
raised significantly (Tratnyek et al.’ 1994). 
(b) Toxicity to algae 
Algae are the key element in ecotoxicity tests. They are primary producers in the 
food chain and the main food source for the aquatic organisms. The colored pollution of 
aquatic environment will directly reduce the light penetration to aquatic environment. 
Consequently, the photosynthetic and growth rates of algae will decline or more seriously 
cause cell death. In a study conducted by Little and Lamb (Holme, 1984), the effects of 
56 selected synthetic dyes were tested on the growth rate of a green alga - Selenastrum 
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capricornutum. The results indicated that there was a strong correlation between the dye 
basicity and growth inhibition of the alga. Acher and Elgavish (1980) indicated that 
photosensitized-dyes such as methylene blue and rose-bengal dye could destroy the algae 
in surface water. However, Jinqui and Houtian (1992) found that certain algae had the 
ability to reduce the azo linkage of the azo dyes to aromatic amines. 
(c) Toxicity to fishes 
Fishes are one of the most important test animals in ecotoxicology because they 
are one of the major food sources for human and major consumers in the food chain in 
aquatic environment (Toussaint et aL, 1995). Different species of fishes are generally 
accepted to exhibit major but different sensitivities to different synthetic dyes (Holme, 
1984). A survey based on the toxicity test of over 3,000 commercial dyes on fishes 
showed that 98% of dyes had LC50 (lethal concentration to kill 50% of tested animals) 
greater than 1 mg/1 (Holme, 1984). Wan et al. (1991) studied the acute toxicity of 
triphenylmethane dye on juvenile Pacific northwest salmonids. The toxicity of dye 
increased after mixing with other formulated products of 2,4-D, glyphosate and triclopyr 
(Wan et aL, 1991). Riva et al. (1992) indicated that textile dyes accumulated in selective 
organs in rainbow trout. The toxicity of industrial dye effluent on the lactate 
dehydrogenase activity in the gills, liver and muscles of a freshwater teleost species were 
tested by Ramesh et al. (1993). The survival time of the flshes were inversely related to 
the concentration of dye effluent (Ramesh et al., 1993). Nelson and Hites (1980) found 
that aromatic amines from the reduction of azo dyes in the sediment were responsible for 
the tumors in the fishes. 
(d) Genotoxicity of dyes 
Azo, triphenylmethane and xanthene dyes are the most well-known dyes that are 
genotoxic to the living organisms (Cook, 1980; Combes and Haveland-Smith, 1982; Lin 
and Brusick, 1992; Brown and DeVito, 1993). The genotoxicity examples and the 
corresponding genotoxicity profiles of the dyes are summarized in Tables 6 to 9. 
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Table 6. Genotoxicity of azo dyes (Combes and Haveland-Smith, 1982) 
Dye Genotoxicity profile^ Exogenous Total tests^ 
activation^ ~~~+~ I~"~ 
Azobenzene Ma; Mb; Mc; Cta ^ ‘ i 3 ~ 
Alizarin Yellow GG Ma p，r 1 0 
Mordant Yellow 1 
Acid Alizarin Red B Ma p, r 1 0 
Acid Alizarin Red 2B 
Acid Alizarin Yellow R Ma; Mb p, r 1 1 
Acid Alizarin Violet N Ma p, r 1 0 
Bismark Brown G Ma; Cla p 1 1 
Bismark Brown Y 
D & C R e d l 7 Ma;DDc;Cla p 1 2 
Sudan III，Solvent Red 23 
D & C Red 36� Ma p, u 1 2 
Pigment Red 4 
D & C O r a n g e l 7 Ma p,u 3 0 
Erriochrome Black T Ma p，t 1 0 
Erriochrome Blue Black BH Ma p, t 1 0 
Guiba Black D Ma p, t 1 0 
Direct Black 17 
Janus Green B DDc; Cla na 1 1 
Para Red Ma u 1 0 
Pigment Red 1 
Permanent Orange Ma p, t 1 0 
Pontactyl Sky Blue 4BX Ma p,t 1 0 
Solvent Red 8 Ma;Mc p 2 0 
Sudan IV Ma p,i 1 0 
Solvent Red 24 
N-Chloroethylmethyl- Me; Mg na 2 0 
azobenzene 
®M, mutation: Ma, Ames; Mb, other bacteria; Mc, mammalian cell; Md, host-mediated (Ames); Me, 
Drosophila, sex-linked recessive; Mf, Drosophila, somatic-eye; Mg, Drosophila, other; Mh, fungal; Mi, 
urine (Ames), Mj, urine (other bacteria) and Mk, sperm abnormality 
DD, DNA: DDa, DNA binding (in vitro); DDb, DNA binding (in vivo); DDc, bacterial repair; DDd, 
unscheduled DNA synthesis; DDe, mitotic crossing-over, gene conversion (yeast); DDf, petite mutation 
(yeast); DDg, non-disjunction (fungal); DDh, induce-test; DDi, host-mediated (bacterial); DDj, inactivation 
oftransforming DNA; DDk, host-mediated (bacterial repair) and DDI, urine (bacterial repair) 
C1, clastogenicity: Cla, chromosome damage in vitro; Clb, chromosome damage in vivo; Clc, micronucleus 
test and Cld, dominant lethal assay 
Ct, cell transformation: Cta, Style assay; Ctb, Fischer rat cells and Ctc, Syrian golden hamster cells 
bp，rat-liver S9; r, chemical reduction; t, riboflavin-enriched liver S9; u, mouse liver S9;na, none. Italic 
indicates metabolism necessary for activity 
*"Animal carcinogen 
^Total number of +, positive and -，negative tests 
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Table 7. Genotoxicity ofbenzidine-based dyes (Combes and Haveland-Smith, 1982) 
Dye Animal Genotoxicity Exogenous Total tests^ 
carcinogenicity^ profile^ activation^ ~ + | . ~ 
Benzopurine 4B n.i. Ma } 一 J Q ~ 
Chlorazol Violet N n.i. Ma t 1 0 
Diarylide Orange n.i. Ma p 0 1 
Evans Blue + Ma;DDc p,r 0 2 
Direct Black 38 n.i. Ma; Mi p 2 0 
FastOrange G n.i. Ma 广 p，t 0 1 
Fast Red RS n.i. Ma p,t 0 1 
Fast Scarlet N n.i. Ma p，t 0 1 
Fast Scarlet F3GL n.i. Ma p, t 0 1 
Rigment Yellow 12 ut Ma p, u 1 1 
Trypan Blue + Ma; Mh; Ca p, q, r, t 5 1 
Brown 5R n.i. Ma p, t 1 0 
Nylosan Scarlet F3GL n.i. Ma p, t 0 1 
a_, non-carcinogenic; +, carcinogenic; 土，conflicting data; n.i., not indexed; d.i., determination 
indefine; ut, currently under test 
b see legend on Table 6.，except q, microbial (rat caecal) 
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Table 8. Genotoxicity of triphenylmethane dyes (Combes and Haveland-Smith, 1982) 
Dye Animal Genotoxicity Metabolic Total tests^ 
carcinogenicity^ profile^ activation' ~ + | . ~ 
Brilliant Green n.i. DDc ？ 2 0 ~ 
Crystal Violet n.i. Ma; Ddb; DDc; DDf; Cla x 8 2 
Ethyl Violet n.i. DDc;DDf ？ 1 o 
Gentian Violet - Ma; DDc; Cla; Clb; Cle x 10 3 
Malachite Green n.i. Ma; Mb; DDc; DDf; Cla ？ 3 3 
Methyl Blue n.i. Cla ？ 0 1 
Methyl Green n.i. Mb; DDc; Cla ？ 2 3 
Victoria Blue 4R n.i. DDf x 1 0 
a See legend on Table 7 
b See legend on Table 6 
^ Requirement for metabolism; x，no; ？ unknown 
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Table 9. Genotoxicity of xanthene dyes (Combes and Haveland-Smith, 1982) 
Dye Animal Genotoxicity Exogenous Total tests^ 
carcinogenicity" profile^ activation^ + 厂：~ 
Acridine Red 3B + DDf Ha ~ ~ 0 ~ 
Eosin G n.i. DDc na 0 1 
Eosin (free acid) n.i. Ma p 0 1 
Fluorescein - Ma; DDc; DDj p, / 2 3 
Pyronine B n.i. Me; DDf; na 3 0 
Pyronine (E) G n.i. Mb; DDf; Cla na 2 2 
Rhodamine 3G n.i. Mb na 0 1 
Rhodamine 6G0 n.i. Cla na 0 1 
Rhodamine WT 土 Ma p 1 o 
Uranin n.i. Ma; Mb; DDc; DDf; DDj p, 1 1 6 
Xanthen n.i. Mb na 1 0 
a See legend on Table 7 
b See legend on Table 6 
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Genotoxicity mechanisms of those dyes are mainly divided into four categories: mutation, 
DNA damage, clastogenicity and cell transformation (Brown and DeVito，1993). Most of 
the dyes require, but not essential, exogenous or metabolic activation to evoke the 
genotoxicity effects (Combes and Haveland-Smith, 1982). The detail genotoxic 
mechanisms of triphenylmethane and xanthene dyes on the living organisms are not 
extensively studied as those of the azo dyes. It may due to the different importance of 
triphenylmethane, xanthene dye and azo dye in the market. Genotoxicity of azo dyes are 
mainly due to reduction of azo bond (e.g. by ^ 9 , sodium hydrosulfite and azo reductase) 
to produce genotoxic amine and nitro aromatic compounds which are generally 
mutagenic in Ames test (Ame et aL, 1975, McCann et al., 1975; Brown and Dietrich, 
1983; Holme, 1984; Krishna et aL, 1986; Brown and DeVito, 1993; Kaur et al., 1993), 
although some of them can exert the effect directly without reduction and activation 
(Prival and Mitchell, 1982). A simple example of azo reduction is demonstrated by 
methyl red, a commonly laboratory used pH indicator, which can be reduced by rat-liver 
S9 into anthranilic acid and N,N-dimethyl-p-phenylene diamine (DMPD). DMPD is a 
well-known mutagen among the metabolites and derivatives of azo dyes. Other 
mutagenic compounds from azo dyes reduction are 2,4,5-trimethylaniline and 2,4-
dimethylaniline, etc. (Chung, 1983). The genotoxicity of azo dyes lead to the banning of 
certain azo dyes by Germany Government in 1994 (Munich, 1995). Particular azo dyes in 
which carcinogenic substances such as arylamine component can occur due to 
disintegration, will no longer be permitted in consumer goods such as in textiles (Munich, 
1995). Twenty types of chemical substances listed in Table 10, containing particular 
carcinogenic substances 4-chlorotoluidine, 2-naphthylamine and 4-aminodiphenyl, are 
banned to use and trade by Germany Government (Munich, 1995). 
2 The S9 fraction is 9000 x g supernatant of rat liver which contain microsomes for 
metabolic activation. 
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Table 10. Azo dyes banned in Germany (Munich, 1995) 
Azo dyes t A S No. 
1 4-aminodiphenyl 92-67-1 
2 benzidine 92-87-5 
3 4-cholorotoluidine 95-69-
4 4-naphthylamine 91-59-8 
5 o-aminoazotoluol 97-56-3 
6 2-amino-4-nitrotoluol 99-55-8 
7 p-chloraniline 106-47-8 
8 2,4-diaminoanisol 815-05-4 
9 4,4，-diaminodiphenylmethane 101 -77-9 
10 3,3'-dichlorobenzidine 91-94-1 
11 3,3 ’ -dimethoxybenzindine 119-90-4 
12 3,3 ‘ -dimethylbenzidine 119-93-7 
13 3,3 ‘ -dimothyl-4,4 ‘ diaminodiphenylmethane 838-88-0 
14 p-kresidin 120-71-8 
15 4,4-mothylen-bis(2-chloranlline) 101 -14-4 
16 4,4'oxdianiline 101-80-4 
17 4,4'thiodianiline 139-65-1 
18 o-toluidine 95-53-4 
19 2,4-toluyendiamine 95-80-7 
20 2,4,5-trimethylaniline 137-17-7 
#CAS = Chemical Abstracts System Number of the American Chemical Society 
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(e) Other toxic effects of dyes 
The information of toxic effects of dyes on human are generally come from the 
workers associated with dye, i.e. dye production and application. Barbone et al. (1994) 
reported a positive association between malignant central nervous system neoplasm and 
the work in anthraquinone-intermediate and azo-dye production. Archer et al. (1979) and 
Dewan et al (1988) stated that there was a positive correlation between bladder cancer 
and the work in dye production. Jenkins (1978)，Hausen (1993) and Elsner (1994) 
showed the allergic reactions of dyes to the dye makers and consumers. Other toxicity 
tests using different organisms were also recorded. Ramaswami and Subburam (1992) 
used earthworm to determine the toxicity of textile dyes. Mayack and Waterhouse (1983) 
tested the effect ofdyes from paper mill effluent on the microinvertebrates. The formosan 
subterranean termite, Coptotermes formosanus shiraki was used by Delaplane and La 
Fage (1989) to study the toxicity of dyes. Chou et al (1981) indicated the toxic effect of 
dyes on the yield and growth of rice. However, some dyes such as allura red AC which is 
a food, pharmaceutical and cosmetic coloring agent had been tested to be non-toxic to the 
reproductive system in mice (Tanaka, 1994). 
1.9 Physical and chemical methods 
For the dye users, the toxicity of dyes directly stand for the increase in running 
cost because dyes are needed to pre-treated before discharge, especially when the dye-
containing wastewater cannot successfully be treated in the wastewater treatment plant 
(Idaka et al., 1987; Bumpus and Brock, 1988). Thus, a cheap and efficient methods are 
essential for the dye user to remove the dye before discharge the effluent to the sewer. 
Physical and chemical methods are always used to remove dye from the effluent (Groff 
and Kim, 1989; Mou et al., 1991). The advantages of physical and chemical methods are 
that they can remove the dye molecules in a short period of time and in a high quality. It 
is because the removal processes of physical and chemical methods are generally more 
complete and non-specific, thus other pollutants present in the wastewater can be 
removed at the same time (Kawakami et al., 1978). In addition, the methods are generally 
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simple and easy to handle as compare to the biological methods. Although physical and 
chemical methods are effective and efficient for dye treatment, those methods are 
expensive (Mou et al, 1991; Capalash and Sharma, 1992; Banat et al., 1996) and may 
produce additional wastes (Mou et al., 1991). 
1.9.1 Physical methods 
The principle concept ofphysical methods is to concentrate the pollutant from the 
effluent in a short period of time. Physical methods such as adsorption, filtration, 
flocculation, sedimentation and coagulation are generally applied to remove dye from the 
effluent (Judkins and Homsby, 1978; Panswad and Wongchaisuwan, 1986; Groff, 1991; 
Marmier-Dussoubs et aL, 1991; Mou et al., 1991; Koprivanac et al., 1993; Ogutveren et 
al., 1992). Among the physical methods, adsorption and filtration are more extensively 
applied because of the ease in handling and comparatively cost effective. The most 
popular adsorbent used for dye adsorption is activated carbon (Lin, 1993a), other 
absorbents such as waste activated alumina, clay, coal and silica are also used in some 
treatment processes (Gupta et al., 1988b，Gupta et aL, 1988c, Nassar and El-Geundi, 
1991; Ahmed and Ram, 1992; Gupta et al., 1992; Ahmed et al., 1993; Lin, 1993b). 
Filtration is also a common method for removal of dyes, and because of its size 
separation technique, other pollutants in the wastewater with molecular size below the 
dye molecules can be treated at the same time. It means that this method provides a high 
quality of product water (Brandon et al., 1975). Moreover, hyperfiltration is a important 
technique used to reuse and recycle the dyeing materials and energy (hot water) (Brandon 
et al., 1975). There are four types of commercially available separation methods, namely, 
ultrafiltration, reverse osmosis (hyperfiltration), gas separation and electrodialysis in use 
(Elliott, 1996; Porter, 1996). 
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a) Adsorption 
Activated carbon is the most widely used adsorbent for dyes (Mou et al., 1991; 
Shukla and Gupta, 1992; Lin, 1993a). Commercially available activated carbon can be 
prepared from nearly all carbonaceous materials such as lignite, bituminous coal, wood, 
pulp mill residue, coconut shell and blood (Roy, 1995). Although activated carbon 
adsorption has been proved to be an effective dye treatment methods, the cost is relatively 
higher (Lin, 1993a; Hu, 1994). The most commonly employed methods in the 
manufacture of activated carbon are the thermal and chemical processes. The purposes of 
thermal and chemical activation are to extend the surface area and porous structure of 
molecular dimensions in the activated carbon surface. The pores in the activated carbon 
are classified into three classes based upon the diameters, shown below: 
Types of pores Pores diameter 
Macropores , 500-20,000�A 
Transitional pores 100-500°A 
Micropores 8-100�A 
Macropores in activated carbon contribute very little to the total internal surface area of 
activated carbon and depend mainly on the raw materials and preliminary manufacturing 
processes. Transitional pores contribute about 5% of the total internal surface area 
whereas the micropores account for about 95% toward the surface area. Micropores are 
largely the products of the activation process. Usually, the surface area of activated 
carbon is ranging from 500 to 1,600 mVg, as measured by Brunnauer-Emmett-Teller 
(BET) method (McDougall and Fleming, 1987). 
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The adsorption properties of activated carbon are primarily due to the large 
intemal surface area and pore-size distribution (Krupa and Cannon, 1996), while the 
external surface area and the nature of the surface oxides only account for little portion of 
the adsorption. There are two mechanisms involved in the adsorption, namely, physical 
and chemical mechanisms. Physical mechanism involved van der Waals forces and this 
process is generally reversible. Chemical mechanism involved homopolar forces such as 
those in ionic and covalent bonds and such adsorption is generally irreversible. It is likely 
that the main role of surface oxides is to impart a hydrophilic character to the 
predominantly hydrophobic carbon skeleton, which account for the affinity of activated 
carbon toward many polar and non-polar organic and inorganic species (McDougall and 
Fleming, 1987). 
b) Filtration 
During the past decade, membrane-based separation process has been under active 
development and utilization in the textile and dyestuff industry (Porter, 1996). Filtration 
can be conducted in 4 different ways as mentioned above. Ultrafiltration and 
hyperfiltration are more commonly applied in textile industry, while gas separation and 
electrodialysis are not suitable in this application. Generally, ultrafiltration involves the 
separation of macromolecules from solvents of lower molecular mass, whereas reverse 
osmosis involves the separation of solute and solvent molecules of comparable molecular 
mass (Porter, 1996). When the pore size of ultrafiltration membrane is similar to the pore 
size used in reverse osmosis, the process is sometimes referred as "nanoflltration" (Porter, 
1996). The materials used to make the membrane are cellulose acetate, polyamides, 
polyacrylonitriles, polysulfones, polycarbonates and fluorocarbon-based polymers 
(Elliott, 1996). The reasons of replacing adsorption to "nanofiltration" in the physical 
method is that it can provide a high quality of product water (Gaddid and Spencer, 1979). 
It is because that this process does not only remove dye molecules, at the same time, it 
removes all other pollutants that are greater than O.OOljum from the effluent (Gaddid and 
Spencer, 1979; Elliott, 1996). Other than dye removal from the effluent, filtration was 
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also tested as a recovery system to reuse and recycle the dyeing materials (Brandon and 
Porter，1976; Christensen and Plaumann, 1981; Porter and Goodman, 1984; Porter, 19%). 
1.9.2 Chemical methods 
Chemical methods used in dye treatment are reduction and oxidation, but these 
reduction and oxidation processes can be induced by different sources. Reduction can be 
performed by sodium borohydride (Cook, 1996) or sodium hydrosulfite (Groff, 1991). 
Oxidation can be conducted by chemicals such as ozone (Groff and Kim, 1989; Ruppert 
et al., 1994; Halmann, 1996) and chlorine (Groff and Kim, 1989; Halmann, 1996; 
Dubrow et aI., 1996)，photoenergy (Kuramoto and Kitao, 1979; Hustert and Zeep, 1992; 
Kiwi, 1994; Halmann, 1996), electricity (Lin and Peng, 1994; Ogutveren and Koparal, 
1994; Wilcock et al., 1996), irradiation of high electron beam (Kawakami et al., 1978) 
and y-ray (Groff and Kim, 1989; El-Assay et al., 1991，El-Assay et al., 1992). The 
advantage of chemical methods over the physical methods is that it can degrade the dye 
molecules in a short period of time rather than just concentrate it. Since the only solution 
to eliminate the dye toxicity is to degrade the dye molecules into safe and environmental 
acceptable products. 
a) Reduction by sodium borohydride 
Reduction of dye molecules (e.g. water soluble azo or other reducible groups) by 
sodium borohydride is being applied in the treatment of dye (Cook, 1996). Sodium 
borohydride can effectively chemically reduce the complex azo dyes to smaller 
nonchromophoric amines. The reduced species can be further oxidized or biologically 
degraded into non-toxic products (Cook, 1996). Other than sodium borohydride, thiourea 
dioxide, sodium formaldehydesulfoxylate, sodium hydrosulfite and tin (II) chloride are 
the reducing agents applied for dye removal (Dubrow et aL, 1996). 
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b) Oxidation by ozone 
Ozonation is another common chemical method used for dye treatment (Mou et 
al, 1991). Ozone is generated from oxygen by the methods such as corona discharge or 
ultraviolet (UV) irradiation (Matsui, 1996). Its reaction with organic compounds can be 
divided into five types, 1,3-addition, 1,3-insertion, electrophilic, nucleophilic, and 
electron-transfer reactions (Matsui, 1996). Mechanisms of ozone oxidation are mainly 
due to the production ofhydroxyl radicals (Ruppert et al,, 1994). These mechanisms are 
favorable under alkaline condition (Groff and Kim, 1989; Halliwell and Gutteridge, 1989; 
Groff, 1991; Koyuncu and Afsar, 1996) or in the presence of UV irradiation (Halmann, 
1996). Some reported that UV light was not significant in the dye degradation process by 
ozone (Shu and Huang, 1995; Koyuncu and Afsar, 1996). Although chemistry of zone 
have been widely studied, information on the ozonation of dyes is quite sparse (Matsui, 
1996). 
c) Photooxidation 
Photooxidation is a broad sense refers to all oxidation processes induced by 
photoenergy (Halmann, 1996). Photooxidation can further be classified as homogeneous 
photooxidation mediated by oxidants such as hydrogen peroxide (H2O2) and ozone (O3) 
(Tang and Chen, 1996)，photosensitized degradation, such as dye (Foote, 1968) and 
heterogeneous photocatalytic oxidation by TiO2 and ZnO (Vinodgopal et al., 1996). The 
main reaction intermediates in photooxidation are the hydrated electron (e^)，singlet 
oxygen ('O2), hydroxyl radical (.OH) and superoxide radical anion (O2' or its conjugated 
acid HO2) (Halmann, 1996). Among the above reaction intermediates, hydroxyl radical is 
one of the major highly reactive agents for photodegradation of water pollutants 
(Halliwell and Gutteridge, 1989; Valladares and Bolton, 1993; Spadaro et al., 1994). It 
reacts readily with organic molecules, either by (1) electron or hydrogen atom 
abstraction, (2) forming organic radical cation, or by (3) addition reaction to unsaturated 
bonds (Halmann, 1996). 
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i) Homogenous photooxidation mediated by oxidants 
Homogeneous photooxidation is mediated by the presence of oxidants, such as 
H2O2. H2O2 is a pale-blue covalent viscous liquid with boiling point 150�C. It mixes 
readily with water and acts as an oxidizing agent. Since the 0 - 0 bond is relatively weak, 
hydrogen peroxide decomposes easily: homolytic fission would give the hydroxyl radical 
H2O2 +hv >2-OH 
The proposed degradation mechanisms of azo dyes involved the cleavage ofaromatic ring 
and azo bond (Hustert and Zeep, 1992; Ruppert et al, 1994)，and the addition ofhydroxyl 
radical to the azo-bond-bearing carbon atom of a hydroxy- or amino substituted aromatic 
ring (Halmann, 1996). 
ii) Photosensitized reaction 
Photosensitized degradation is a widely studied mechanism for both dye 
manufacturers and also the person that intends to decolorize the dye by this method. 
Although both of them are interested on this topic, their approaches are opposite. For the 
dye manufacturers, they tend to produce the dyes that are photo-stable (Tratnyek et al., 
1994; Dubrow et al., 1996). In the other words, it can avoid photo-destruction of stored 
dye and prevent photo-bleaching or photo-fading of finishing fibres (Dubrow et al., 
1996). Therefore, the dyes used in the markets are generally resistant to 
photodegradation, i.e. most commercial dyes required many weeks to produce 
appreciable dye degradation in a natural aquatic environment (Porter, 1973). As reviewed 
in Section 1.8.1, photosensitized reaction produces excited dye molecules and singlet 
oxygen. Both compounds are potential toxicants to the biological systems and raise the 
oxidation rate of other organic compounds (Foote, 1968; Halliwell and Gutteridge, 1989; 
Tratnyek et aL, 1994). But at the same time, the dye molecules can be degraded indirectly 
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by those reactive species (Foote, 1968). The process which the dye molecules are 
degraded due to their sensitization products is called “self-sensitized process" (Kuramoto 
and Kitao, 1979). According to Kuramoto and Kitao (1979), they suggested that the 
photo-fading of methyl blue and rose bengal involved singlet oxygen which was 
produced by the photosensitized process. 
iii) Photocatalytic reaction 
Photocatalytic oxidation induced by semiconductors such as titanium oxide 
(TiO2), is proved as an important process for indirect photolysis of xenobiotics under 
controlled conditions (Hustert and Zeep, 1992; Valladares and Bolton, 1993). It is also 
called heterogeneous process because of the spherical form of TiO2 in which light 
exposure is varied on different positions (Gerischer, 1993). Various pollutants had been 
reported to be mineralized to CO2 using the TiO2 photocatalytic system (You et al., 1992; 
Kiwi, 1994). Photodegradation occurred because of the loss of nitrogen and the opening 
of the aromatic ring (Daoxin et al., 1994). Some nitrogen-containing aromatic compounds 
such as proline are completely oxidized, and ammonia was one of the final products 
(Hustert and Zeep, 1992). Titanium oxide has a wide-band gap of 3.2 eV, which 
equivalent to about 400 nm (Kiwi, 1994; Halmarm, 1996; Vinodgopal et al., 1996). It 
absorbs and photo-excited by near-UV illumination between 300 to 400 nm (Hustert and 
Zeep, 1992; Halmann, 1996). Moreover, TiO2 is a catalyst in the photolysis process, 
therefore, it can be reused. 
The catalytic mechanisms of photo-excited semiconductor particles are executed 
by the electron-hole pairs (Gerischer, 1993; Valladares and Bolton, 1993; Kiwi, 1994; 
Halmarm, 1996). When TiO2 absorbed the light, the conduction-band electrons (e^) and 
holes (h\b) were produced (Gerischer, 1993; Valladares and Bolton, 1993; Kiwi, 1994; 
Halmann, 1996): 
TiO2 + h v ~ > e : q + h+vb 
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The electrons and holes may either recombine, releasing heat, or they may migrate to the 
surface of semiconductor where they can undergo redox reactions with molecules and 
ions on and near the surface (Gerischer, 1993; Halmann, 1996). For instance, the 
positively charged holes reaching the oxide surface, react with water or hydroxides ions 
within a few pico-seconds to produce hydroxyl radicals (Halmann, 1996): 
h+ + H2O ~ > H+ + .OH 
h+ + OH- ~ > OH 
Beside, the negatively charged electrons are preferentially trapped by oxygen: 
O2 + e"——> O2' 
O2 + 2H+ + 2e- ~ ~ > H2O2 
H2O2 + e' ~ " > OH + OH-
The positive hole oxidation was dominant for dye degradation of neutral or negatively 
charged dyes at pH 3 (Tang and An, 1995; Tang et al., 1997). The degradation 
mechanisms for positively charged basic dyes might be through the reduction conducted 
by electrons in the conduction bands of the excited TiO2 particles (Tang et al., 1997). On 
the other hand, hydroxyl radicals were the major degradation species at pH greater than 7 
(Tang and An, 1995; Tang et aL, 1997). Generally, the degradation kinetics of azo dyes 
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were affected by the number of azo bonds in the dye molecules, i.e. triazo-dyes were the 
most difficult azo dyes to be degraded, while the mono-azo dyes were the most readily 
degradable azo dyes (Halmann, 1996; Tang et al., 1997). Dieckmann et al (1994) 
reported that the C-N bond in the azo dyes was the site for oxidative attack. You et al 
(1992) indicated that the reactive dyes could be degraded by photocatalytic process and 
finally produced CO:. Moreover, generally a little amount of H2O2 is added into the 
reaction mixture as to enhance the production of hydroxyl radicals (Kiwi, 1994; 
Halmann, 1996): 
CV + H2O2 ~ ~ > OH + OH- + O2 
The mechanisms of dye degradation by hydroxyl radical are similar as in the case of 
H2O2AJV system. 
d) Electrochemical technology 
Dyes removed by electrolytic technique from aqueous solution is a relatively new 
technology (Ogutveren and Koparal, 1994). The commercial development of 
electrochemical technology for treating contaminated water was back to the early of 
1970, when Lee first patented this technology (Wilcock et al., 1996). The electrochemical 
process was applied initially for chemical reduction and removal of hexavalent chromium 
from cooling tower blowdown water (Wilcock et al., 1996). However, the concem of 
toxicity of chromate in cooling tower water led the application impractical (Wilcock et 
al., 1996). Afterwards, the electrochemical technology shifted to electroplating, surface 
finishing and printed circuit board operations to remove heavy metals (Wilcock et al., 
1996). The success of heavy metal removal by the electrochemical technique lead the 
study ofusing this technique in textile industry (Wilcock et cd., 1996). The application of 
the technology to the treatment of textile wastewater was first patented on Andco 
Environmental Processes in 1989 (Wilcock et aL, 1996). Basically, in an electrochemical 
method, reduction occurs at the negative electrode (the cathode) whereas oxidation occurs 
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directly or indirectly at the positive electrode (the anode) (Abdo and Rasheed, 1987; Lin 
and Peng, 1994; Ogutveren and Koparal, 1994; Wilcock et al., 1996). Using iron 
electrode as an example, ferrous ions will give off in the positive side, while water is 
decomposed into hydrogen gas and hydroxyl ions in the negative side (Lin and Peng, 
1994; Wilcock et al., 1996). In the other words, if power supply is sufficient, the dye 
molecules can be oxidized into small organic molecules (Lin and Peng, 1994). In 
addition, some of the small organic molecules and the suspended solids are captured by 
Fe(OH)2, which are removed by sedimentation or by 1¾ flotation (Lin and Peng, 1994). 
According to the mechanisms involved in the electrochemical cell, three possible dye 
removal pathways may be performed: electrocoagulation, electroflotation and 
electrooxidation (Lin and Peng, 1994). Because the electrolytic removal processes ofdyes 
is induced by electron from the electricity supply, therefore, no additional chemical is 
required and at the same time, no sludge generation problems occur (Ogutveren and 
Koparal, 1994). Furthermore, it was reported that the degraded products of dye were not 
hazardous (Ogutveren and Koparal, 1994). Congo red (Abdo and Rasheed, 1987) and 
ostazin red, black and olive (Ogutveren and Koparal, 1994) were successfully removed 
by the electrochemical process. 
1.10 Biological methods 
Both physical and chemical methods have their unique advantages for dye 
treatment such as ease of handle and high quality of product water. But they cannot 
satisfy the stringent control of our environment and the need of the dye users. It is 
because the physical and chemical methods are always expensive and produced additional 
wastes. For example, the dye treatment cost for hyperfiltration per 1000 gallon of 
wastewater is between $2.50-$3.50, while the cost is $1.50-$2.50 for biological methods 
(Porter, 1996). Therefore, biological method has been introduced to treat the dye alone or 
integrated with other physical and chemical methods as to compensate the insufficiency. 
Biological processes can be conducted in two major categories: biosorption and 
biodegradation. Biosorption refer to the process which the compound was uptaken or 
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accumulated by the microorganisms (Tsezos and Bell, 1989). During the biosorption 
process，the compounds are not transformed or degraded by the microorganism. On the 
contrary, biodegradation is a process in which organic materials are hydrolyzed and 
oxidized by the microorganisms to produce metabolic end products, energy, and more 
organisms (Brown and Weintraub, 1982). This process can take place either under aerobic 
or anaerobic conditions (Brown and Weintraub, 1982). The advantages of biological 
methods are that they can provide cost-effective (Bell and Tsezos, 1987; Banat et al., 
1996) and natural sources for dye treatment. It means that they will not produce 
additional wastes after the treatment (Shukla and Gupta, 1992). Therefore, in terms of 
economical and environmental points of view, biological methods are more 
environmental friendly for dye treatment. Biological methods are not commonly used in 
the dyeing industry, it may due to the difficulty to find an ideal microbial strain for 
biosorption and/or biodegradation, but more importantly, for biodegradation which is a 
time consuming process as compare to physical and chemical treatment methods, so it is 
limited in treating a large volume of wastewater. 
1.10.1 Biosorption 
Almost all biological materials can be used as a biosorbent to absorb/adsorb 
different materials: peat (Allen et al., 1989; Couillard, 1994), wood-shaving (Poots et al., 
1978; Abo-Elela and El-Dib, 1987; Mazet et al., 1990)，biomass (Bell and Tsezos, 1987), 
starch (Boki et al., 1991), moss (Lee and Low, 1987)，bagasse pith (Mckay et al., 1988)， 
red mud Q^amasivayam and Arasi, 1997), ricehusk (McKay et al., 1986), biogas residue 
0>Jamasivayam and Yamuna, 1992a; Namasivayam and Yamuna, 1992b; Namasivayam 
and Yamuna, 1995), orange peel fNamasivayam et al., 1996), activated sludge (Radding 
et aL, 1978; Shriver and Daugue, 1978; Ogawa et aL, 1981; Idaka et al., 1985), wood 
charcoal (Marmier-Dussoubs et al., 1991)，coconut husk (Low and Lee, 1990) and banana 
pith OS[amasivayam and Kanchana, 1992; Namasivayam et aL, 1993). It is because that 
nearly all cell structures are basically produced from protein, fatty acid and 
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mono/polysaccharide (Salton, 1964). Protein constructed from a set of20 different amino 
acids. Each amino acid contains at least one amino ( -Niy and one acidic group (-
COOH). Fatty acid composes of an acid group (-COOH) and a saturated or unsaturated 
branched or unbranched hydrocarbon chain. Monosaccharide consists of aldo (-CHO) or 
keto (C0-) group and hydroxyl group (-OH) on the carbon skeleton. Thus biological 
compounds contain many potential charged binding sites for different 
absorbates/adsorbates. As a result, the critical process to determine the success of 
biosorption is depended on isolation and selection of the appropriate biological material. 
Bacteria and fungi are the microorganisms which are always be selected as 
biosorbents. It is because that they grow very rapidly and are easy to grow. Moreover, the 
surface area to volume ratio of these microorganisms is relatively higher than the other 
living organisms. Bacteria such as Aeromonas sp. (Hu, 1992; Hu, 1996), Rhodococcus sp. 
(Groff and Kim, 1989) and actinomycetes such as Streptomyces sp. (Zhou and 
Zimmermann, 1993) have been reported as good biosorbents for textile dyes. The 
adsorption mechanisms of bacteria and actinomycetes are mainly performed by the 
microbial cell wall. Many bacterial cells exert adsorption during the stationary phase in 
which exopolysaccharides are produced (Hu, 1992; Vandevivere and Kirchman, 1993). 
Exopolysaccharides are primary composed of carbohydrates such as D-glucose, D-
galactose and D-mannose (Sutherland, 1990) which are produced in the stationary phase. 
Moreover, exopolysaccharides are polyanionic in nature (Sutherland, 1990; Vandevivere 
and Kirchman, 1993). It may explain why textile dyes, especially reactive dyes (cationic 
dyes), can be adsorbed by the bacterial cells (Vandevivere and Kirchman, 1993). There 
are some exceptions, in which the bacterial cells perform better reactive dye adsorption in 
the earlier growth phase of Aeromonas sp. (Hu, 1992). These may indicated different 
adsorption sites and binding mechanisms between different dyes and bacterial strains. 
Fungi such as Myrothecium verrucaria was isolated from soil and reported as an 
excellent dye-binding microorganism (Mou et al” 1991; Brahimi-Horn et al., 1992). 
According to the preliminary tests by Brahimi-Horn et al (1992), flingal biomass was as 
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much as 100-fold more effective than activated sludge in removal of dyes. Chitin is the 
main component ofcell walls of most fungi (Gooday, 1989). The main binding materials 
on fungal cell wall are chitin and chitosan (Roberts, 1992). The structure of chitin and 
chitosan are shown in Figures 13a and 13b. Chitin is one of the most abundant organic 
materials, being second only to cellulose, in the nature (Sandford, 1989; Roberts, 1992). 
It occurs in fungal cell wall as the principle fibrillar polymer, (Muzzarelli, 1977; Gooday, 
1989) and in animal, particularly in molluscs, crustacea and insects, as the constituent of 
the exoskeleton (Muzzarelli, 1977; Sandford, 1989). The structure poly[p-(l-4)-2-
acetamido-2-deoxy-D-glucopyranose] of chitin is similar to cellulose except that the 
C(2)-hydroxyl group of cellulose is replaced by an acetamido group (Brahimi-Hom et al., 
1992; Roberts, 1992). In addition, chitin structure is also similar to murein which is the 
main constituent of bacterial cell wall (Roberts, 1992). The principle derivative of chitin 
is chitosan. Chitosan is produced by alkaline deacetylation of chitin (Bartnicki-Garcia, 
1989; Gooday, 1989; Garcia, 1989; Park et al., 1995). It also occurs naturally in some 
fungi but the occurrence is much less widespread than that of chitin (Bartnicki-Garcia, 
1989; Roberts, 1992). But in some fungal species, such as Mucor rouxii, the composition 
of chitosan is more than chitin (Muzzarelli, 1977; Bartnicki-Garcia, 1989). 
Chitinous polymer presents in the fungal cell wall is polycatioinc in nature 
because of the amino and carbonyl groups substituted to the hydroxyl groups (Holland, 
1989; Sanford, 1989). Because of the cationic nature of chitinous polymer rather than 
anionic nature of cellulose or exoploysaccharides in bacterial cell wall, the adsorption 
mechanisms of them are different. Using reactive dyes as an example, the adsorption sites 
are the electrophilic reactive group (Rys and Zollinger, 1975) and the nucelophilic SO3' 
group (Roberts, 1992). Under alkaline condition, the dye molecules expose the 
electrophilic reactive group (positive charged group), therefore, cellulose which expose 
the nucleophilic hydroxyl group (negatively charged group) can adsorb the dye molecules 
and form the covalent bond. While for the chitinous polymer since it is cationic in nature 
Opositive charged), thus under alkaline condition, it will repel the dye molecules (Holland, 
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Figure 13. Structures of(a) chitin and (b) chitosan (Sandford, 1989) 
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cannot expose the electrophilic reactive group therefore, adsorption on cellulose surface 
will decrease. For the chitinous polymer, the amount ofprotonated amine groups increase 
under acidic condition, in which more sites will be created for sulphate groups (SCV) 
binding (Roberts, 1992). The corresponding reaction is illustrated below: 
Chitin-NH3+X- + Dye-SO3- <^ Chitin-NlVSCV-Dye + X' 
Therefore, chitinous polymer absorbs dye molecules better under acidic conditions. Park 
et aL (1995) stated that chitosan was more effective in dye adsorption than chitin. 
Because of the high dye adsorption capacity of chitin/chitosan, they are extensively 
studied as a dye adsorbent (Yoshida et aL, 1991; Dwivedi and Agrawal, 1994). 
1.10.2 Biodegradation 
Bacteria and fiingi act as the principal degraders for biodegradation of xenobiotic 
\ 
compounds (Bumpus et aL, 1985). The unique degradation ability of microorganisms is 
due to their rapid growth. In addition, they can evolve altered genes and produce novel 
enzymes more efficiently to handle the xenobiotic compounds (Bumpus et aL, 1985; 
Chaudhry, 1994; Ratledge, 1994). Moreover, organic pollutants are often presented as 
insoluble macromolecular complexes, thus these complexes must first be degraded into 
smaller molecules which may then be internalized and used as a source of nutrients. 
Fungi producing a group of stable extracellular enzymes which play a main role in initial 
degradation (Bumpus et al., 1985). Mechanisms of dye biodegradation are varied from 
dye to dye and microorganism to microorganism. Therefore, Nocardia corallina (Yatome 
et al., 1993) was reported to decolorize crystal violet (a triphenylmethane dye), while it 
was unable to decolorize azo dyes. On the contrary, Bacillus subtilis (Yatome et al., 
1991b) and Phanerochaete chrysosporium (Bumpus and Brock, 1988) decolorized both 
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crystal violet and azo dyes (Chan et aL, 1991; Paszczynski et al., 1991; Capalash and 
S h _ a , 1992; Spadaro et al., 1992; Chung et al., 1992; Ollikka et al., 1993; Barr and 
Aust，1994; Goszczynski et al., 1994; Paszczynski and Crawford, 1995). Azo dyes are the 
most extensively studied synthetic dyes for biodegradation. It is because azo dyes have 
the paramount role in the market, also the azo compounds are persistent in the 
environment and toxic or even mutagenic to living organisms. 
Although azo dyes especially the one with sulphonated structures (-SO3"^ ) attach 
to the benzene ring, are low-cost, versatile and fastness to the dye users, they cause the 
most considerable environmental and toxicological problems. The azo linkage and 
aromatic sulphonated group are recalcitrant to biodegradation (Zimmermann et al., 1982; 
Haug et al., 1991; Capalash and Sharma, 1992) and the parental or/and intermediate 
products are always toxic to the environment and/or living organisms. Therefore, many 
studies were conducted to isolate and select microorganisms to degrade these recalcitrant 
compounds. The biodegradation processes of azo dyes are mainly classified into 
reduction and oxidation. 
a) Reduction 
Reduction of azo dye are mainly catalyzed by azo-reductases which break the azo-
linkage between the benzene rings and produce amines under anaerobic condition (Haug 
et al., 1991; Chung and Stevens, 1993). Azo-reductases are always present in anaerobic 
bacteria such as strain BN6 (Haug et al., 1991)，Bacillus subtilis (Zissi and Lyberatos, 
1996), Bacillus cereus (Wuhrmann et al., 1980, Mechsner and Wuhrmann, 1982), 
Clostridium ramosum and Eubacterium aerofaciens (Brown, 1981) and they are sensitive 
to oxygen, but azo-reductases are also produced from aerobic species, for example, 
Klebsiella pneumoniae (Wong and Yuen, 1996), Pseudomonas cepacia (Ogawa and 
Yatome, 1990; Yatome et al., 1991; Idaka et al., 1987), Pseudomonas spp. (Samaik and 
Kanekar, 1995), Pseudomonas luteola (Hu, 1994), Pseudomonas sp. KF46 (Zimmermann 
et aL, 1982)，Acetobacta liquefacius (So et al., 1990) and Flavobacterium sp. (Hooper, 
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1994). Intestinal microflora were responsible for azo-reduction of food dyes after 
ingestion to human body (Brown, 1981; Ghosh et al, 1988; Rafii et al., 1990, Chung et 
a/.，1992; Paul et al, 1994). Orange II azo-reductase pSfAD(P)H: l-(4'-sulphophenylazo)-
2-naphthol oxidoreductase], for example, is produced by Pseudomonas sp. KF46 and 
Flavobacterium sp., which is an oxygen insensitive monomeric protein with a molecular 
weight of30,000 (Hooper, 1994). The enzyme catalyzing reaction is shown in Figure 14. 
The rate ofpermeation of dyes via the cell membrane seems to be the rate-limiting step in 
microbial reduction of azo dyes (Wuhrmann et al, 1980; Mechsner and Wuhrmann, 
1982; Yatome et al., 1991a; Chung and Stevens, 1993). In addition, the azo-reduction 
process is inhibited by its reduction products such as amine, nitrite and nitrate 
(Wuhrmann et aL, 1980; Glasser et al, 1992, Chung and Stevens, 1993). Therefore, azo 
dyes are generally decolorized slowly in the wastewater treatment plant until nitrite and 
nitrate have been denitrified to nitrogen by the de-nitrifying bacteria (Chung and Stevens, 
1993). Moreover, dye decolorization by the biofilm were maximized under low level of 
oxygen, this may due to the sensitivity of azo-reductase to oxygen (Harmer and Bishop, 
1992; Zhang et al, 1995). 
b) Oxidation 
Oxidation is another biological method that are widely studied to remove azo dye 
from the effluent. Many species such as Phanerochaete chrysosporium (Chan et al., 
1991; Paszczynski et al., 1991; Spadaro et al., 1992; Ollikka et al., 1993; Wong et al 
1993; Barr and Aust, 1994; Goszczynski et al., 1994; Paszczynski and Crawford, 1995), 
Streptomyces spp. (Paszczynski et al., 1991; Paszczynski et al., 1992; Pasti-Grigsby et 
al., 1996), Pseudomonas sp. (Cao et al., 1993; Bumpus, 1995), Polyporus ostreiformis 
(Dey et al., 1994) and Geotrichum candidum (Kim et aL, 1995) and extracted enzymes 
such as laccase from Pyricularia oryzae (Chivukula and Renganathan, 1995) and 
peroxidase from Flavobacterium sp. (Cao et al., 1993) were selected and tested as 
biodegradation agents of dye. 
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Figure 14. Biodegradaiton of sulfonated and non-sulfonated orange dye by Pseudomonas 
sp. KF46 through the action of orange II azo-reductase (Hooper, 1994) 
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Phanerochaete chrysosporium is a white rot fungus which has been shown to 
degrade a number of pollutants (Bumpus et al., 1985; Paszczynski and Crawford, 1991； 
Spadaro et al., 1992; Orth et aL, 1993). White rot fungi are the microorganisms that are 
able to degrade lignin (Cripps et al., 1990; Chivukula et al., 1995; Knapp et aL, 1995). 
Lignin is a very complex three-dimensional polymer which is resistant to the attack by 
enzyme (Crawford, 1981; Barr and Aust, 1994). It is impossible for lignin to be absorbed 
and degraded by intracellular enzymes (Crawford, 1981; Barr and Aust, 1994). Thus, 
white rot fiingi have developed very non-specific and extracellular mechanisms for lignin 
degradation (Capalash and Sharma, 1992; Femando and Aust, 1994; Spadaro and 
Renganathan, 1994). Most of the degradation mechanisms depend on the lignin 
peroxidase, manganese-dependent peroxidase as well as an H2O2-generating system 
(Popp and Kirk, 1991; Capalash and Sharma, 1992; Valli et aL, 1992; Spadaro and 
Renganathan, 1994; Chivukula et aL, 1995). Since the lignin degradation system (LDS) 
in the fungi is expressed as secondary metabolic process, the depletion of certain nutrients 
from the medium leads to expression of the LDS (Valli et al., 1992; Glenn and Gold, 
1983). In the other words, biodegradation capacity of the fungi increase under ligninolytic 
conditions (nutrients limiting conditions) (Valli et al., 1992; Barr and Aust, 1994). These 
peroxidase enzymes cooperate with the hydrogen peroxide system produce non-specific 
hydroxyl radical (OH) (Bumpus et al., 1985) that is a powerful oxidant to oxidize 
different complex compounds such as azo dyes. The proposed pathway for the production 
of OH by lignin peroxidase is described in Figure 15. The degradation pathway of azo 
dye by the peroxidases is proposed in Figure 16. The peroxidases of Phanerochaete 
chrysosporium convert azo dyes to cation radicals which are susceptible to nucleophilic 
attack of water or hydrogen peroxide molecules (Paszczynski and Crawford, 1995). Thus, 
the resulting intermediates undergo further redox reactions (Figure 17) and produce more 
stable intermediates (Goszczynski et al” 1994). 
c) Two-Stage biodegradation 
Reduction and oxidation of azo dyes by different microbial species have been 
discussed in the pervious section. Reduction of dyes is always conducted by bacteria 
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Figure 15. Proposed pathway for the production of OH by lignin peroxidase 
(Hooper, 1994) 
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Figure 16. Proposed mechanism for alternative asymmetrical and symmetrical cleavages 
of sulfonated azo dyes by Phanerochaete chrysosporium peroxidases. The 
compounds represented by structures in brackets were found in the reaction 
mixture. Azo dye 1，R, = & = CH3 and B = 0; azo dye 2，R, = H, R^  = OCH3, 
and B = NH. (Goszczynski et al； 1994) 
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under anaerobic condition, but the products produced such as aromatic amine are 
generally more toxic than the parental compounds. Interestingly, some pure bacterial 
strains or mixed bacterial culture can perform both reduction and oxidation processes 
sequentially under anaerobic and aerobic conditions, respectively and produce more 
completely degraded non-toxic products (Glasser et aL, 1992; Seshadri et al., 1994; 
Dubrow et aL, 1996). For example, bacterial consortium (6A2NS) which were adapted to 
grow on different dyes under aerobic condition without biodegradation of the dyes 
(Glasser et aL, 1992; Bumpus, 1995; Kudlich et aL, 1996). However, substantial 
degradation occurred and produced aromatic amines, when the culture incubated 
anaerobically (Glasser et aL, 1992; Bumpus, 1995). Further degradation occurred as the 
culture was aerated and the amines produced before were used as sole carbon, nitrogen 
and energy sources by the bacterial culture (Glasser et al., 1992; Bumpus, 1995). Kudlich 
et aL (1996) used the same mixed culture and immobilized it in calcium alginate, as a 
result, the core of the immobilized culture would be the anaerobic center, while the 
periphery would be the site for aerobic degradation. Another example is Pseudomonas 
cepacia which can carry out the reduction and oxidation processes in a multistage 
rotating biological contractor in which anaerobic and aerobic conditions were supplied 
sequentially (Ogawa and Yatome, 1990). 
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2 Objectives 
Azo dyes are selected in the present study because of their typical role in the 
dyeing industry and their severe toxicity to the environment. Physical and chemical 
methods are always used to remove dye from the effluent because oftheir high efficiency 
and high quality performance, but those methods are always expensive and produced 
additional wastes. Biological methods including biosorption and biodegradation can 
compensate the disadvantages of physical and chemical methods, but it is a problem to 
fmd the suitable microbial strains for biosorption and/or biodegradation. Biosorption is a 
quick concentration method, but toxic dyes are still existing in the environment. 
Biodegradation has been proved to be a practical approach for dye treatment, in which the 
microorganisms can degrade or sometimes use the dye molecules as carbon and nitrogen 
sources. However, biodegradation is a time-consuming process, which is not effective to 
treat a large volume of effluent in a short period of time. For example, in the study by 
Brandon et al. (1975), they reported that 95% of the 2 million gal/day total water usage 
was in the dye house. In the other words, each day the dyeing plant had to treat 1,800,000 
gal of dye-containing wastewater. If biodegradation is a time consuming process, a very 
large space is required to store and treat those effluents. Thus, integrating adsorption and 
biodegradation is a new approach for the treatment of a large volume of dye-containing 
wastewater. For example, adsorbent from biological or non-biological source is used to 
concentrate the dye molecules at a short period of time, after that the adsorbed dye can be 
biodegraded by the selected microorganism. Finally the used adsorbent can be recycled 
for next batch of effluent. Therefore, the purposes of study are (1) to find a suitable 
adsorbent which may come from biological or non-biological sources, (2) to adsorb the 
dye molecules and at the same time isolate and select an microorganism for 
biodegradation, and (3) to integrate the two processes as a complete system for treatment 
of dye in wastewater. 
Pseudomonas sp. K-1 and fly ash were the adsorbents tested to compare their dye 
removal capacity (RC) on the selected dyes to that of activated carbon, an adsorbent 
commonly used for dye treatment. Pseudomonas sp. K-1 was proved to be a good 
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adsorbent for procion red MX-5B, but the effect ofphysico-chemical parameters on the 
dye RC and the optimization process are unknown. Fly ash which is collected from the 
Castle Peak Station of the China Light and Power Co., Ltd. is another proposed adsorbent 
for dye. Fly ash is a well-known agent that used to adsorb heavy metals (Yadava et al, 
1989; Viraraghavan and Rao, 1991; Diamadopoulos et al., 1993; Mavros et al., 1993; 
Viraraghavan and Dronamraju, 1993) and organic pollutants (Singh and Rawat, 1994; 
Banerjee et al., 1995). Although the dye adsorption capacity of fly ash was reported by 
Balasubramanian and Muralisankar (1987), Gupta et al. (1988a)，Gupta et al. (1990) and 
Esteves Coelho (1991)，there is no similar study conducted for the fly ash generated in 
Hong Kong. In the present study, three adsorbents: Pseudomonas sp. K-1, fly ash and 
activated carbon are compared according to their dye RCs on different dyes, adsorption 
isotherms on different dye concentrations and the effects of physico-chemical parameters 
Q)H, temperature and agitation rate) on their dye RCs. 
At the same time, microorganisms were isolated and selected from different 
environmental samples such as dye-contaminated sediment and activated sludge in 
wastewater treatment plant for dye biosorption and biodegradation. Obviously, the reason 
of isolating new biosorbent is to find another microorganism that can adsorb dye more 
efficiently than Pseudomonas sp. K-1, while the dye biodegradative microorganism will 
be used to degrade the adsorbed dye in the integration system. 
Integration of adsorption and biodegradation is the most important part in the 
present study. Although biodegradation, that provides a cheap and complete degradation 
for dye, is a most ideal process for dye treatment, it is a time-consuming process. 
Therefore, unless integrating with biosorption, biodegradation cannot be a practical 
solution for the treatment of a large volume of dye-containing wastewater. The 
development of integration system is also a reason for selecting other non-biological 
materials for adsorption. It is because there may be a problem to integrate two different 
microbial species together in a single system, while using non-biological material may 
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facilitate the integration process. Thus, other than the high dye RC, the ease ofintegration 
will also be an important criterion for section ofthe adsorbent. 
In summary, the success of integration of adsorption and biodegradation of azo 
dye can provide a cost-effective method for the dye users to treat azo dye in the effluent. 
Ultimately, this system can eliminate the problem on the environment and human caused 
by the toxic and mutagenic azo dye. 
The objectives of the present study are: 
• to determine the toxicity of selected dyes by Microtox® test, 
• to isolate and select microorganisms for biosorption and biodegradation, 
• to compare the dye RCs of three adsorbents: Pseudomonas sp. K-1, fly ash and 
activated carbon and the selected microorganism on various selected dyes in different 
dye concentrations under different physico-chemical conditions, 
• to optimize the biomass production and dye RC of Pseudomonas sp. K-1, 
• to determine the effect of physico-chemical parameters on dye degradation by the 
selected microorganism, 
• to determine the compositions and toxicity of degradation products by the selected 
microorganism, and 
• to integrate adsorption and biodegradation for the treatment of azo dye in solution. 
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3 Materials and Methods 
3.1 Source of materials 
3.1.1 Selected dyes 
Procion red MX-5B (azo dye), procion blue H-EGN (non-azo dye) and procion 
turquoise blue HA (non-azo dye) were provided by Imperical Chemical Incorporation 
(ICI) company. Remazol red 3B (azo dye), remazol golden yellow G (azo dye), remazol 
brilliant orange 3R (azo dye) and remazol brilliant violet 5R (azo dye) were provided by a 
textile dyeing factory in Hong Kong. The corresponding structures of the dyes are shown 
in Figure 18. 
3.1.2 Adsorbents {Pseudomonas sp. K-1, activated carbon and fly ash) 
Pseudomonas sp. K-1 was isolated by Mak (1995) from a dye-contaminated 
sludge discharged by a textile dyeing factory in Tsuen Wan. The bacterium was grown 
continuously in dye containing screening medium plate (Appendix 1.1) at 30°C for two 
weeks. Activated carbon (Alamo granular type ABG-40) was purchased from the D I and 
Environmental Control Co., Ltd. Mesh size of the thermally treated, steam granular 
activated carbon is 20 x 40 mm. It was produced from selected grades of bituminous coal 
and proper binder to provide a media of high density, superior hardness and resistance to 
losses through attrition. The specification and physical characteristics are shown in Table 
11. Fly ash (no size separation) was collected from the Castle Peak Station of the China 
Light and Power Co., Ltd. The general properties of fly ash are shown in Table 12. 
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Table 11. Specifications and physical characteristics of Alamo brand granular 40 type: 
ABG-40 activated carbon 
Specifications: “ “ 
U.S. sieve series mesh (mm) 12 x 40 “ “ 
Greater than 12 mesh 5% maximum 
Less than 40 mesh 4% maximum 
Mean particle diameter 0.9 to 1.1 mm 
Iodine number 1000 minimum 
Molasses number 230 minimum 
Abrasion number 75 minimum 
Moisture (as packed) 2% maximum 
Ash 10% maximum 
Physical Characteristics: ~ 
Total surface area (Nj Bet method), mVgm 1050 to 1200 "~ 
Apparent density 
Bulk dense pack 
gm/cc 0.49 
LB/FT' 30.6 LBS 
Backwashed, drained 
gmy'cc 0.40 
LB/FT' 25.0 LBS 
Particle density (water wetted) 
gmAx 1.3 to 1.4 
Pore volume cc/gm 0.94 
Effective size 0.55 to 0.75mm 
Uniformity coefficient 1.9 maximum 
Specific heat@ 100°C, BTU/LB/T 0.25 
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Table 12. Physico-chemical properties of fly ash. Values in parentheses are standard 
deviation of means of triplicates (Wong and Lai, 1996) 
General properties of fly ash 
pH (soil:water = 1:5) 12.4 (0.2) 
EC (dS/m) (soil:water = 1:5) 2.02 (0.03) 
Organic carbon (%) 0.15 (0.012) 
Total N (o/o) 0.047 (0.003) 
Soluble NH+4-P (mg/Kg) 4.46 (0.22) 
Total P (%) 0.33 (0.017) 
Soluble PO%-P (mg/Kg) 0.28 (0.02) 
Moisture content (%) 0.13 (0.02) 
C/N ratio ^ 
Total element content 
Ca (%) 5.90 (0.14) 
Mg(%) 0.51 (0.02) 
K(o/o) 0.14(0.04) 
Na(%) 0.14(0.03) 
Fe(%) 2.50 (0.14) 
B (mg/Kg) 1053 (18.0) 
Cd(mg/Kg) 3.51 (0.04) 
Cu (mgy^g) 37.9 (0.06) 
Mn (mg/Kg) 293 (2.6) 
Zn (mg/Kg) 43.2(1.5) 
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3.1.3 Identification of procion red MX-5B-degrading fungus 
Fungus that degraded procion red MX-5B was isolated from air sample in a 
laboratory. Identification of fungus was conducted by the Microbiology Department of 
the Nankai University, Tianjin, China. The fungal culture was kept at 30�C in a complete 
medium plate (Appendix 1.2) and was continuously subcultured into a new agar plate 
every two weeks. 
3.2 Isolation and selection of microorganisms for biosorption and 
biodegradation 
Sediment samples were collected from Tuen Mun River and Yuen Long River. 
Activated sludge sample was collected from Shatin Sewage Treatment Works. Air sample 
was collected from a laboratory. The collected samples were then diluted to 10。，10', 10'^  
and 10_3 fold with sterilized saline (0.85% ofNaCl), except the air sample. Aliquot of 0.1 
ml of each diluted sample was spread on screening medium plate containing 50 mg/1 of 
procion red MX-5B (filter-sterilized by 0.2 |im millipore membrane). The inoculated agar 
plates were incubated at 30°C for one week. A colony of Pseudomonas sp. K-1 was also 
streaked on same kind of agar plate for comparison. Colonies from the sediment and 
activated sludge samples, which were stained red like that of Pseudomonas sp. K-1 
(biosorption) or surrounding by a halo zone (biodegradation), were selected and 
transferred on to screening medium plates with and without dye in order to confirm the 
stained color and the halo zone of the colonies. The selected colonies were incubated in 
screening medium plate and complete medium plate for bacteria and fungi，respectively. 
The dye removal capacity (RC, mg of dye/g of dry cells) of Pseudomonas sp. K-1, newly 
isolated bacteria and fungi were determined. For newly isolated bacteria, a colony of the 
bacteria was inoculated into 400 ml screening medium (SM) in 1,000 ml of Erlenmeyer 
flask for 36 h at 30°C in a shaker running at 100 rpm. Bacterial cells were then harvested 
by centrifugation at 10,000 rpm for 15 min. The cell pellet was washed by Universal 
buffer (Appendix 2.2) twice and resuspended in the same buffer. Fifty ml of 50 mg/1 of 
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procion red MX-5B was prepared in 125 ml Erlenmeyer flask and the initial absorbance 
ofdye was measured by a Milton Roy Spectronic 3000 Array spectrophotometer at 538 
nm after adding 5 ml ofUniversal buffer into the dye solution. Five ml ofbacterial cells 
(about 50 mg) was added into the prepared dye solution and shaken at 30�C and 200 rpm 
for 15 min. Dry weight of 5 ml bacterial cells was determined by transfering the cell 
suspension into a pre-weighted aluminum cup, the dry weight of bacterial cells was 
determined after drying at 105�C in a oven for 24 h. The absorbance of supernatant was 
measured after the cell suspension was centrifuged at 13,000 rpm for 2 min by a 
microcentrifuge (MSE Micro Centaur). The initial and final absorbance of the supernatant 
were converted into dye concentration (mgy'l) for calculation. Equation of dye RC 
calculation was shown below: 
([dye ] in i t ia i - [dye ] f inai) (mg/l) X V (1) 
Dye RC (mg/g) = (1) 
W(g) 
Where: 
Dye RC = dye removal capacity (mg of dye/g of dry cells) 
[dye]initiai or [dye]fjnai = initial or final dye concentration 
V = volume of dye-bacterial mixture (V = 0.055 1) 
W = dry weight ofbacterial cells 
Dye RCs ofthe isolated bacteria were compared with that of Pseudomonas sp. K-1 and 
the bacterial strain having the highest dye RC was selected for further study. 
The isolated fungi from the air sample were grown at 30�C for 7 days in complete 
medium plate. Fungal mycelia in the agar plate were cut into several pieces and blended 
with 100 ml autoclaved water for 2 min. Two and half ml of blended mycelia was 
inoculated into 50 ml ofcomplete medium in 125 ml Erlenmeyer flask and grown at 30°C 
in a shaker running at 200 rpm for 3 days. Half ml of 10 g/1 of procion red MX-5B was 
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added into the cell culture. The culture medium containing 100 mg/1 ofdye was shaken at 
30°C and 200 rpm in a shaker. The absorbance of dye solutions after 15 min (adsorption 
capacity) and 24 h (degradation capacity) of incubation were measured 
spectrophotometrically by a Milton Roy Spectronic 3000 Array spectrophotometer at 538 
nm. Initial dye concentration was determined by measuring the absorbance of mixture of 
0.5 ml of 10 g/1 of dye and 50 ml of complete medium. The initial and final dye 
concentrations were put into Equation (1) to determine the dye RCs ofthe fungi at 15 min 
and 24 h of incubation. Dye RC,5 i^nS of the isolated fiingi were compared with that of 
Pseudomonas sp. K-1 and other selected bacterial strains to select the best microbial 
strains for biosorption. Dye RC24hS of the isolated fungi were also compared to select the 
best for biodegradation. 
3.3 Effect of growth phase of Pseudomonas sp. K-1 on the dye adsorption 
capacity 
A colony of Pseudomonas sp. K-1 was inoculated into 400 ml screening medium 
in 1,000 ml Erlenmeyer flask. The inoculated culture was shaken at 150 rpm and 30°C. 
One ml of cell culture was sampled at 2 h intervals until 36 h of incubation to measure the 
cell density at 580 nm by a Milton Roy Spectronic 3000 Array spectrophotometer. About 
0.5 ml of cell culture was transferred into a 1.5 ml ependroff tube after the measurement 
of cell density and another 0.5 ml of procion red MX-5B dye solution (about 100 mg/1) 
was added and mixed to observe the dye adsorption of the bacterial pellet after 
centrifugation at 13,000 rpm for 2 min by a microcentrifuge (MSE Micro Centaur). 
3.4 Effect of growth conditions (age of inoculum and agitation rate) of 
Pseudomonas sp. K-1 on the dye adsorption capacity 
A colony of Pseudomonas sp. K-1 from dye containing screening medium plate 
was transferred into 400 ml screening medium in 1,000 ml Erlenmeyer flask. The culture 
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was grown at 30�C in a shaker running at 100 rpm. Another culture was prepared in the 
same way, but grown at 30�C in a shaker running at 200 rpm. Twenty ml of inoculum of 
each culture was sampled at 24 and 36 h, and inoculated into 400 ml screening medium in 
1,000 ml Erlenmeyer flask. The growth conditions (temperature and shaking rate) of the 
new cultures were the same as the inoculum culture. Therefore at the end ofexperiment, 4 
kinds of inoculum conditions (24 h at 100 rpm, 24 h at 200 rpm, 36 h at 100 rpm and 36 h 
at 200 rpm) were tested. The absorbance at 580 nm of bacterial cultures grown under 
different culture conditions were measured by a Milton Roy Spectronic 3000 Array 
spectrophotometer at 24, 36，42 and 72 h of incubation for 24 h inoculum and 24，36 and 
58 h of incubation for 36 h of inoculum. After the measurement of the absorbance, about 
0.5 ml ofbacterial cells in the cuvette was transferred into a 1.5 ml ependroff tube. Haifa 
ml of 100 mg/1 dye (procion red MX-5B) was added into the ependroff tube and shaken 
vigorously by hand, then centrifuged at 13,000 rpm for 2 min by a microcentrifuge (MSE 
Micro Centaur). The culture times, at which the cells were stained by the dye, were 
recorded. 
3.5 Preparation of Pseudomonas sp. K-1 for biosorption 
A colony of Pseudomonas sp. K-1 in screening medium plate was inoculated into 
400 ml screening medium in 1,000 ml of Erlenmeyer flasks and grown at 30°C in shaker 
running at 100 rpm for 36 h. Twenty ml of inoculum was sampled from the culture and 
transferred into 400 ml screening medium. The bacterial culture was incubated under the 
same conditions as the inoculated culture for 36 h. The cells were harvested by 
centrifugation at 10,000 rpm for 15 min. Cell pellet was washed by Universal buffer (pH 
7.0) twice and finally resuspended in the same buffer. 
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3.6 Removal capacity of adsorbents {Pseudomonassp. K-1, activated carbon 
and fly ash) for different azo and non-azo dyes 
Fifty ml of 50 mg/1 of procion red MX-5B, procion blue H-EGN，procion 
turquoise blue HA, remazol red 3B, remazol golden yellow G, remazol brilliant orange 
3R and remazol brilliant violet 5R, were prepared separately in 125 ml Erlenmeyer flasks. 
Initial dye absorbance was measured by a Milton Roy Spectronic 3000 Array 
spectrophotometer before adding the absorbents; while for the bacterium, 5 ml of 
Universal buffer was added before measuring the initial dye absorbance. The respective 
maximum absorption wavelengths of the dyes were shown in Table 13. Five ml of 
bacterial cells (about 50 mg) prepared in Section 3.5, 0.2 g of activated carbon and 2 g of 
fly ash were added into different dye solutions. Dry weight of 5 ml bacterial cell 
suspension was determined after drying the bacterial cell suspension at 105�C for 24 h. 
The dye solutions with different adsorbents were then shaken at 30°C in shaker running at 
200 rpm. Absorbance of supematants after the adsorbents were descended by 
centrifugation at 13,000 rpm for 2 min in a microcentrifuge (MSE Micro Centaur) were 
measured by a Milton Roy Spectronic 3000 Array spectrophotometer at 15, 30, 45, 60，90 
and 120 min. All measurements were conducted in triplicates. The initial and final 
absorbance of supematants were converted to dye concentration in mg/1 and calculated 
the dye RC by Equation (1) in Section 3.2. 
3.7 Effect of physico-chemical parameters (pH, agitation rate and 
temperature) on procion red MX-5B and remazol brilliant violet 5R 
removal capacities of different adsorbents [Pseudomonas sp. K-1, 
activated carbon and fly ash) 
Fifty ml of 50 mg/1 of procion red MX-5B and remazol brilliant violet 5R were 
prepared separately in 125 ml Erlenmeyer flasks. Five ml (about 50 mg) ofbacterial cells 
prepared in Section 3.5, 0.2 g of activated carbon and 2 g of fly ash were added into 
different dye solutions. Dry weight of 5 ml bacterial suspension was determined at the 
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Table 13. Maximum absorption wavelength for different selected dyes 
Dyes Maximum absorption wavelength* 
Procion red MX-5B 538 nm 
Procion blue H-EGN 625 nm 
Procion turquoise blue HA 623 nm 
Remazol red 3B 547 nm 
Remazol brilliant orange 3R 495 nm 
Remazol golden yellow G 413 nm 
Remazol brilliant violet 5R 560 nm 
* Maximum absorption wavelength, determined by 
scanning spectrophotometer from 400-700 nm 
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same time. The dye solutions with different adsorbents were treated under different 
experimental conditions indicated in Table 14. Standard curves of the concentration and 
absorbance of procion red MX-5B and remazol brilliant violet 5R at different pHs were 
also determined. The absorbance of supematants at 538 and 560 nm for procion red MX-
5B and remazol brilliant violet 5R from different treatment flasks were determined by a 
Milton Roy Spectronic 3000 Array spectrophotometer at 15, 30, 45, 60，90 and 120 min 
after centrifugation of the dye solutions at 13,000 rpm for 2 min by a microcentrifuge 
(MSE Micro Centaur). All treatments were performed in triplicates. The changes of dye 
RCs of the adsorbents under different physico-chemical conditions were determined as 
mentioned in Section 3.2. 
3.8 Effect of dye concentration on the removal capacity of procion red MX-
5B and remazol brilliant violet 5R of different adsorbents {Pseudomonas 
sp. K-1, activated carbon and fly ash) 
Fifty ml of dye solutions of 10，25, 50，75 and 100 mg/1 were prepared in pH 7.0 
Universal buffer. Initial dye concentration was measured as mentioned in Section 3.6. 
Five ml (about 50 mg) of bacterial cells prepared in Section 3.5, 0.2 g of activated carbon 
and 2 g of fly ash were added into different dye solutions. Dry weight of 5 ml bacterial 
cell suspension was determined at the same time. The treatment flasks with different 
concentrations of dye and adsorbents were shaken at 30°C in a shaker running at 200 rpm. 
After the bacterial cells were descended by centrifugation, absorbance of dye supematants 
from different treatment flasks were determined at 15, 30, 45, 60，90 and 120 min at 538 
and 560 nm for procion red MX-5B and remazol brilliant violet 5R, respectively. All 
measurements were conducted in triplicates. The dye RCs of adsorbents in different dye 
concentrations were calculated. 
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Table 14. Experimental conditions for the study of the effect of physico-chemical 
parameters on procion red MX-5B and remazol brilliant violet 5R RCs of 
different adsorbents 
Experimental conditions for 
-pH was adjusted to 4.0, 5.0, 6.0，7.0, 8.0， 
9.0 or 10.0 for different treatments by 
Universal buffer 
pH 
-Temperature was 30°C for all treatments 
-Agitation rate was 200 rpm for all 
treatments 
-pH was adjusted to pH 7.0 by Universal 
buffer 
Agitation rate -Temperature was 30�C for all treatments 
-Agitation rate was 100, 200 or 300 rpm for 
different treatments 
-pH was 7.0 by Universal buffer 
-Temperature was 10, 20, 30, 40 or 50°C 
Temperature for different treatments 
-Agitation rate was 200 rpm for all 
treatments 
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3.9 Optimization of growth yield and dye removal capacity ofPseudomonas 
sp. K-1 
3.9.1 Effect of agitation rate and nutrient contents on the growth yield of 
Pseudomonas sp. K-1 
A colony of Pseudomonas sp. K-1 from dye containing screening medium plate 
was transferred into 400 ml screening medium in 1,000 ml Erlenmeyer flask. The culture 
was grown at 30�C in a shaker running at 100 rpm. Twenty ml of inoculum was sampled 
from the cultures after 36 h of incubation and inoculated to flasks A to H. The cultures 
were grown under 30�C. The nutrient contents and the corresponding shaking conditions 
of the cultures in flasks A to H were listed in Table 15. The absorbance of bacterial cell 
suspension in different culture media were measured by a Milton Roy Spectronic 3000 
Array spectrophotometer at 0, 12，24 and 36 h at 580 nm. After the measurement, 0.5 ml 
of bacterial cells in the cuvette was transferred into a 1.5 ml ependroff tube. Half a ml of 
100 mg/1 of procion red MX-5B was added into the ependroff tube and shaken vigorously 
by hand, and centrifuged at 13,000 rpm for 2 min in a microcentrifuge (MSE Micro 
Centaur). The incubation times in which the bacterial cells were stained were recorded. 
3.9.2 Effect of glucose concentration on the growth yield and dye removal 
capacity of Pseudomonas sp. K-1 
A colony of Pseudomonas sp. K-1 from dye containing screening medium plate 
was transferred to 400 ml screening medium. The culture was grown at 30�C and 200 
rpm. Twenty ml of inoculum was taken out from the cultures after 24 h of incubation and 
inoculated to screening medium containing 0.1, 0.25, 0.5, 0.75 and 1% of glucose, 
respectively. The inoculated cultures were grown at 30�C in a shaker running at 200 rpm. 
The absorbance ofbacterial cells from different culture media were measured by a Milton 
Roy Spectronic 3000 Array spectrophotometer at 0，8, 24, 30, 36 and 46 h at 580 nm. The 
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Table 15. Compositions and agitation rates of the culture media 
Flasks Compositions and agitation rates of the culture media 
A Screening medium, shaken at 100 rpm “ “ 
B Screening medium, shaken at 200 rpm 
C Screening medium with 5 times of glucose, shaken at 200 rpm 
D Screening medium with 5 times of yeast extract, shaken at 200 rpm 
E Screening medium with 5 times of FeSCV7H2O, shaken at 200 rpm 
F Screening medium with 5 times of CaSCV2H2O, shaken at 200 rpm 
G Screening medium with 5 times ofMgS04-7H20, shaken at 200 rpm 
H Screening medium with 5 times ofNaCl, shaken at 200 rpm 
t 
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dye removal capacity of bacterial cells after 46 h of incubation was determined as in 
Section 3.2. 
3.9.3 Effect of volume of inoculum from 2.5 mg/1 of glucose screening 
culture on procion red MX-5B removal capacity ofPseudomonas sp. 
K-1 
A colony of Pseudomonas sp. K-1 from dye containing screening medium plate 
was transferred to 400 ml screening medium containing 2.5 mg/1 of glucose. The culture 
was grown at 30�C and 200 rpm. After 21 h of incubation, 10, 20 and 40 ml of inocula 
were taken out from the cultures and inoculated to a new screening medium containing 
2.5 mg/1 of glucose. The inoculated cultures were grown at 30�C in a shaker running at 
200 rpm. The absorbance of bacterial cells and dye RCs from different culture media 
were measured after 24 h of incubation as mentioned in Section 3.2 by using 50 mg/1 of 
procion red MX-5B. 
3.10 Study on the surface structure of adsorbents {Pseudomonassp. K-1, 
activated carbon and fly ash) by scanning electron microscopy 
Cells of Pseudomonas sp. K-1 were prepared by the procedures described in , 
Section 3.5 and concentrated by centrifugation at 13,000 rpm for 2 min in a 
microcentrifuge (MSE Micro Centaur). Concentrated cells were fixed with 2.5% 
glutaraldehyde in 0.2 M sodium cacodylate buffer (pH 7.0) for 120 min and followed by 
air-drying at 25°C (Lawes, 1987; Lee, 1993). The dried samples were adhered on copper-
base grid and then coated by gold in a sputter coater (Edwards S150B) with 2.5 min of 
sputtering time and examined by a scanning electron microscope (JEOL, model JSM 
5300). Activated carbon and fly ash were directly adhered on the copper-base grid and 
coated with gold for 2.5 min. The prepared samples were examined by the scanning 
electron microscope. 
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3.11 Effect oftemperature on the growth of Geotrichum candidum CU-1 on 
complete medium plate 
A disc o f 7 days old Geotrichum candidum CU-1 (about 2 mm diameter) was cut 
from a complete medium plate and put into the center of a new complete medium plate. 
The plates were grown at 25, 27，30，35, 37 and 44.5°C for 3 days. The diameter ofthe 
fungal growing zone was measured at Day 1，2 and 3. All measurements were performed 
in triplicates. 
3.12 Effect of agitation rate on the growth of Geotrichum candidum CU-1 in 
complete medium 
Geotrichum candidum CU-1 was grown at 30°C for 7 days in complete medium 
plate. Fungal mycelia in the agar plate were cut into several blocks and blend with 100 ml 
of autoclaved sterilized water for 2 min. Two and half ml of blended mycelia was 
inoculated into 50 ml of complete medium. The cultures were shaken at 0, 100 or 200 
rpm for 3 days at 30�C. Dry weight of fungal mycelia after 3 days of incubation was 
measured by the procedures mentioned in Section 3.2. 
3.13 Effect of age of Geotrichum candidum CU-1 culture on the dye removal 
efficiency (RE) of procion red MX-5B 
Geotrichum candidum CU-1 was grown at 30°C for 7 days in complete medium 
plate. Fungal mycelia in the agar plate were cut into several pieces and blend with 100 ml 
of autoclaved sterilized water for 2 min. Two and half ml of blended mycelia were 
inoculated into 50 ml of complete medium in 125 ml Erlenmeyer flasks and grown at 
30°C in a shaker running at 200 rpm for 2, 3，4，6 and 9 days, respectively. Dry weights 
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and pHs ofthe fungal cultures at different cell ages were measured at the same time. Half 
a ml offilter sterilized 10 g/1 procion red MX-5B was then added into the fungal culture 
at the corresponding culture time showed above. The cultures containing 100 mg/1 ofdye 
were incubated at 30°C and 200 rpm. The absorbance of dye supernatant at 538 nm was 
measured by a Milton Roy Spectronic 3000 Array spectrophotometer at 1, 2, 4, 8 and 24 
h after descending the fungal mycelia by centrifugation at 13,000 rpm for 2 min in a 
microcentrifuge (MSE Micro Centaur). Initial absorbance of all culture media were 
measured by adding 0.5 ml of 10 g/1 procion red MX-5B into 50 ml of complete medium. 
Dye REs of Geotrichum candidum CU-1 on procion red MX-5B at different cell ages 
were calculated by the following equation: 
A 5 3 8 n m ] i n i t i a l “ [ ^ 5 3 8 n m ] f i n a l 
RE (%) = X 100% (2) 
A538nm]initiai 
Where: 
RE = Removal efficiency 
[ A 5 3 8 n m ] i n i t i a i or [A538nJfinai = Initial or final absorbance of dye at 538 nm 
3.14 Preparation of mycelia of Geotrichum candidum CU-1 for biosorption 
and biodegradation 
Geotrichum candidum CU-1 was grown at 30�C for 7 days in complete medium 
plate. Fungal mycelia in the agar plate were cut into several pieces and blend with 100 ml 
of autoclaved sterilized water for 2 min. Two and half ml of blended mycelia was 
inoculated into 50 ml of complete medium and grown for 3 days at 30�C and in a shaker 
running at 200 rpm. The fungal mycelia were prepared for further studies. 
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3.15 Removal efficiency of Geotrichum candidum CU-1 for different azo 
and non-azo dyes 
Fungal mycelia were grown by the method in Section 3.14. Dry weight o f 3 days 
old fungal mycelia was measured. Half a ml of 10 g/1 of dye (Table 14) was added into 
the culture medium. A control flask was prepared by adding autoclaved fungal mycelia 
along with 0.5 ml of 10 g/1 of procion red MX-5B. Initial absorbance of different dyes 
were measured by adding 0.5 ml of 10 g/1 of dyes into 50 ml complete medium. The 
cultures containing 100 mg/1 of dye were incubated at 30°C in a shaker running at 200 
rpm. Dye solutions were sampled after 24 h of incubation and centrifuged at 13,000 rpm 
for 2 min by a microcentrifuge (MSE Micro Centaur). Absorbance of dye supematants 
were measured by a Milton Roy Spectronic 3000 Array spectrophotometer. Dye REs of 
Geotrichum candidum CU-1 for different dyes were calculated by Equation (2) in Section 
3.13. All treatments were performed in triplicates. 
3.16 Effect of physico-chemical parameters (pH, agitation rate and 
temperature) on procion red MX-5B removal efficiency of 
Geotrichum candidum CU-1 under aerobic and anaerobic conditions 
3.16.1 pH 
Geotrichum candidum CU-1 was grown by the procedures mentioned in Section 
3.14. The fungal mycelia were squeezed in a coffee sieve and than washed by about 10 ml 
of autoclaved sterilized water twice. The washed mycelia were resuspended in 50 ml 
MES buffer (Appendix 2.3) at pH 4.0，5.0, 6.0 and MOPS buffer (Appendix 2.4) at 7.0， 
8.0 and 9.0 containing 100 mg/1 of procion red MX-5B. Dye solutions at different pHs 
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were incubated at 30�C in a shaker running at 200 rpm. Initial absorbance was measured 
at 538 nm before adding the ftmgal mycelia into dye solution. Absorbance of dye 
solutions at 2, 4，6’ 12 and 24 h were measured by a Milton Roy Spectronic 3000 Array 
spectrophotometer after centrifugation at 13,000 rpm and 2 min in a microcentrifuge 
(MSE Micro Centaur). The experiment was repeated under anaerobic condition in which 
nitrogen gas was purged into the fungal solution for about 1 min before the incubation 
and after each measurement. The flask was sealed with paraffin during the incubation. 
Absorbance of dye supernatant at 538 nm was measured by a Milton Roy Spectronic 
3000 Array spectrophotometer at 2，6, 12 and 24 h. All measurements were conducted in 
triplicates. Removal efficiency of Geotrichum candidum CU-1 on procion red MX-5B at 
different pHs under aerobic and anaerobic conditions were determined by Equation (2) in 
Section 3.13. Changes of pH in all treatment flasks during the time course under aerobic 
condition and after 24 h of incubation under anaerobic condition were recorded. 
3.16.2 Agitation rate 
Fungal mycelia were grown by the procedures mentioned in Section 3.14. Half a 
ml of 10 g/1 procion red MX-5B was added into the fungal culture. The fungal cultures 
containing 100 mg/1 dye were incubated at 30�C and shaken at 0，100，200 and 300 rpm, 
respectively. Initial absorbance of dye solution was determined at 538 nm by adding 0.5 
ml of 10 g/1 dye into complete medium. The absorbance of dye solutions were measured 
by a Milton Roy Spectronic 3000 Array spectrophotometer at 1, 2，4, 6, 8 and 24 h after 
harvesting the fungal mycelia by centrifugation at 13,000 rpm for 2 min in a 
microcentrifuge (MSE Micro Centaur). Anaerobic condition was performed as in Section 
3.16.1. Absorbance of dye solutions were measured at 2, 4, 10 and 24 h. Dye REs were 
calculated as mentioned in Section 3.13. All measurements were performed in triplicates. 
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3.16.3 Temperature 
Fungal mycelia were grown by the procedures mentioned in Section 3.14. Half a 
ml of 10 g/1 procion red MX-5B was added into the culture and shaken at 200 rpm and 
10，20，30 and 40�C，respectively. Dye solutions were sampled at 1, 2, 4，6，9 and 24 h 
and then centrifuged at 13,000 rpm for 2 min by a microcentrifuge (MSE Micro Centaur). 
Absorbance of dye supematants were measured at 538 nm by a Milton Roy Spectronic 
3000 Array spectrophotometer. Initial absorbance of dye was measured by adding 0.5 ml 
of 10 g/1 dye into complete medium. Anaerobic condition was performed as in Section 
3.16.1. The absorbance of dye solutions were measured at 2, 4, 10 and 24 h. Dye REs 
were calculated by Equation (2) in Section 3.13. All treatments were performed in 
triplicates. 
3.17 Effect of glucose concentration on procion red MX-5B removal 
efficiency of Geotrichum candidum CU-1 
Fungal mycelia were prepared as the procedures mentioned in Section 3.16.1. The 
washed mycelia were resuspended in 50 ml MES buffer (pH 5.0) with different 
concentrations (0，0.4，0.8, 1.6 and 2.4%) of glucose and 100 mg/1 of procion red MX-5B. 
Initial absorbance at 538 nm of the culture was measured before adding the fungal 
mycelia into the dye solution. Dye solutions containing different concentrations of 
glucose were then incubated at 30°C in a shaker running at 200 rpm. The absorbance of 
dye supematants at 1，2, 7，12 and 24 h were measured by a Milton Roy Spectronic 3000 
Array spectrophotometer after descending the fungal mycelia by centrifugation at 13,000 
rpm for 2 min in a microcentrifuge (MSE Micro Centaur). Dye REs of Geotrichum 
candidum CU-1 on procion red MX-5B at different concentrations of glucose were 
determined by Equation (2) in Section 3.13. All treatments were conducted in triplicates. 
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3.18 Effect o fpH on procion red MX-5B removal efficiency ofGeotrichum 
candidum CU-1 with the addition ofglucose 
Fungal mycelia were prepared as the procedures mentioned in Section 3.16.1. The 
washed mycelia were resuspended in 50 ml of 100 mg/1 procion red MX-5B in MES 
buffer at pH 4, 5, 6 and MOPS buffer at 7, 8 and 9 with the addition of glucose (2.4%). 
Initial absorbance at 538 nm of the culture was measured before adding the fungal 
mycelia. Dye solutions with fungal mycelia were incubated at 30�C in a shaker running at 
200 rpm. Dye solutions were sampled at 2，4, 6，12 and 24 h. Change of final pH was 
recorded after 24 h of incubation in all treatments. Change of final pH of the fungal 
culture under anaerobic condition was determined. Dye REs were calculated as 
mentioned in Section 3.13. All treatments were conducted in triplicates. 
3.19 Effect of procion red MX-5B concentration on the dye removal 
efficiency of Geotrichum candidum CU-1 under aerobic and anaerobic 
conditions 
Fungal mycelia were grown as mentioned in Section 3.14. One quarter, 0.5, 1，2 
and 5 ml of 10 g/1 of filter sterilized procion red MX-5B were added into the fungal 
cultures for aerobic treatment and 0.25, 1 and 2 ml of dye for anaerobic treatment. The 
cultures containing different concentrations of dye were shaken at 200 rpm and incubated 
at 30°C. The absorbance of dye solutions at 538 nm under aerobic condition were 
determined by a Milton Roy Spectronic 3000 Array spectrophotometer at 1, 3, 5, 7, 10 
and 24 h, and at 4, 8, 18 and 24 h for dye solutions under anaerobic condition. Anaerobic 
condition was performed by purging nitrogen gas into the culture before incubation and 
after each measurement. Initial dye absorbance was measured by preparing the above 
concentrations of dye in complete medium. Dye REs were calculated as mentioned in 
Section 3.13. All measurements were performed in triplicates. 
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3.20 Dye removal efficiency of Geotrichum candidum CU-1 in a recycle 
system 
Fungal mycelia were prepared as the procedures mentioned in Section 3.16.1 and 
then washed by 10 ml of complete medium or MES buffer with 2.4% of glucose. Fifty ml 
of complete medium or 2.4% of glucose MES buffer (pH = 5) with 100 mg/1 of procion 
red MX-5B was prepared and added into 125 ml Erlenmeyer flask with the washed fungal 
mycelia. The cultures were then incubated at 30°C and shaken at 200 rpm for 24 h. After 
24 h of incubation, cultured complete medium or glucose buffer was replaced by the new 
medium or buffer containing 100 mg/1 of procion red MX-5B. The cycle was repeated 5 
times. The absorbance of cultured medium and buffer were measured by a Milton Roy 
Spectronic 3000 Array spectrophotometer, and the dye REs were calculated by Equation 
(2) in Section 3.13. 
3.21 Recovery of Geotrichum candidum CU-1 mycelia for biodegradation 
Fungal mycelia were prepared as the procedures mentioned in Section 3.14, but 
with longer incubation time, i.e. 10 days. Fungal mycelia were collected from the old 
culture and washed with MES buffer at pH 5 in a coffee sieve. Washed fungal mycelia 
were incubated in 50 ml of complete medium or MES buffer (pH 5) with and without 
2.4% of glucose. Half a ml of 10 g/1 of procion red MX-5B was added into the medium 
and buffer. The cultures were incubated at 30�C and shaken -at 200 rpm under aerobic 
condition. Another set of cultures were incubated at the same conditions before purging 
with nitrogen into the flask as to maintain anaerobic condition. Dye supematants were 
sampled at 2, 4，6, 12 and 24 h. Dye REs at different times were calculated as mentioned 
in Section 3.13. All treatments were performed in triplicates. 
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3.22 Effect of procion red MX-5B concentration on the growth of 
Geotrichum candidum CU-1 in complete medium 
Seven days old fungal mycelia grown in complete medium plate were cut into few 
blocks and blended for 2 min with 100 ml of autoclaved water. Two and half ml of 
blended mycelia was added into 50 ml of complete medium containing 50, 100, 200 and 
400 mg/1 of procion red MX-5B. The cultures were incubated at 30�C and shaken at 200 
rpm. After 3 days of incubation, the fungal mycelia were collected in a coffee sieve and 
the dry weight of mycelia was determined. Control culture was prepared by adding 2.5 ml 
of mycelia solution into 50 ml of complete medium without the addition of dye. The 
absorbance of dye supematants after 3 days of incubation were also recorded. Dye REs of 
Geotrichum candidum CU-1 grown in different concentrations of dye were calculated by 
the Equation (2) in Section 3.13. All the treatments were conducted in triplicates. 
3.23 Microtox® test 
Toxicities of selected dyes (Table 14) were determined by Microtox® test using 
extended basic test procedures (Microbics Corporation, 1992). Extended dilution of 
different dyes were added to the suspensions of bacterium and incubated for 15 min prior 
to the measurement of light production by the Microtox® M500 system. These values 
were compared with the light production by the control, i.e. aliquots of the bacterial 
suspensions not exposed to the dyes. The resulting numerical expression was referred as 
the percent or normalized light level (Codina et al., 1993) and the results of the 
Microtox® test were expressed as EC50 (concentrations exhibiting 50% reduction in the 
percentage of respiring cells). Color correction was conducted for the samples which 
showed visible color at their EC50 concentration. Color correction test was performed as 
specified by the manufacturer (Microbics Corporation, 1992). Cell suspensions were 
incubated at 15°C in the core of color correction cuvette with 1 ml of diluent in the 
periphery for 15 min prior to the measurement of initial light emission. Diluent in the 
periphery of color correction cuvette was replaced by the dye at EC50 concentration. 
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Light emission after 15 min ofincubation at 15�C was recorded. Final light emission from 
the bacterial suspensions was measured by replacing the dye with diluent in the 
periphery. All light emission values were input into the color correction software of the 
Microtox® test. EC50 after color correction was obtained. Fungal mycelia were grown by 
the method described in Section 3.14. The mycelia were squeezed in a coffee sieve and 
than washed by about 10 ml of autoclaved sterilized water twice. The washed mycelia 
were resuspended in 50 ml MES buffer at pH 5.0 containing 2.4% of glucose. Half a ml 
of 10 g/1 procion red MX-5B was added into the fungal solution and incubated at 30°C in 
a shaker running at 200 rpm. The toxicities of degradation products of procion red MX-
5B by Geotrichum candidum CU-1, and the fungal culture filtered through 0.2 i^m 
millipore membrane were determined by the same procedures. 
3.24 Determination of the degradation products of procion red MX-5B by 
Geotrichum candidum CU-1 using high performance liquid 
chromatography (HPLC) 
Fungal mycelia were grown by the procedures described in Section 3.14. The 
mycelia were squeezed in a coffee sieve and the residue on the sieve were washed by 
about 10 ml of autoclaved sterilized water twice. The washed mycelia were resuspended 
in 50 ml MES buffer at pH 5.0 containing 2.4% of glucose. Half a ml of 10 g/1 procion 
red MX-5B was added into the fungal solution and incubated at 30°C in a shaker running 
at 200 rpm. The degradation products of procion red MX-5B by Geotrichum candidum 
CU-1 and the fungal culture filtered through 0.2 ^m millipore membrane were analyzed 
by Waters model 600 HPLC system at 0，4, 8, 12，16, 20 and 24 h. The operational 
conditions are indicated in Table 16. 
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Table 16. Operational conditions of HPLC for procion red MX-5B and its 
degrading products by Geotrichum candidum CU-1 
Injection volume = 30 p,l 
Running time 二 40 min 
Column = Ultrasphere ODS reverse phase analytical column (Beckman) with 
dimension of 25 cm x 0.46 cm with C-18 stationary phase in 
particle size of 5 i^m. 
Detection wavelength = 254 nm and 538 nm 
Solvent = Acetonitrile (HPLC grade) and Ultrapure water 
Solvent gradient: 
Time (min) Acetonitrile Ultrapure water 
0% r o ^ 
8 0% 100% 
10 50% 50% 
18 50% 50% 
20 100% 0% 
28 100% 0% 
30 0% 100% 
40 0% 100% 
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3.25 Determination of the degradation products of procion red MX-5B by 
TiO2 and H2O2 photocatalytic method using high performance liquid 
chromatography (HPLC) 
Fifty ml of 500 mg/1 of TiO2 and 100 mg/1 of procion red MX-5B mixture was 
added into a 50 ml ofPyrex test tube with 0.12 ml of30% ofH2O2. The mixed solution 
was exposed under the sunlight for one hour. One ml of degraded mixture was sampled 
after an hour and filtered through a 0.22 i^m millipore membrane. The filtrate was 
injected into the model Waters 600 HPLC and analyzed as the procedures in Section 3.24. 
3.26 Integration ofbiosorption and biodegradation 
3.26.1 Pseudomonas sp. K-1 and Geotrichum candidum CU-1 
Pseudomonas sp. K-1 was prepared by the procedures described in Section 3.5, 
except Tris buffer (Appendix 2.5) was used instead of Universal buffer for washing and 
resuspension. Five ml of bacterial cells was transferred into 50 ml of 50 mg/1 of procion 
red MX-5B in Tris buffer pH 7. Dye loaded bacterial cells were collected by 
centrifugation at 10,000 rpm for 15 min. Harvested bacterial cells were transferred into a 
3 days old Geotrichum candidum CU-1 culture prepared by the procedures described in 
Section 3.14. The culture was shaken at 200 rpm and incubated at 30°C for 24 h. Color 
changes on the bacterial cells were recorded. 
3.26.2 Pseudomonas sp. K-1 and Geotrichum candidum CU-1 in dye 
solution 
Pseudomonas sp. K-1 and Geotrichum candidum CU-1 culture was prepared by 
the procedures described in Section 3.26.1. Half a ml of 10 g/1 of procion red MX-5B was 
added into the culture. The culture was incubated at 30�C and shaken at 200 rpm. After 24 
100 
h of incubation, absorbance of dye supernatant in the culture was measured at 538 nm by 
a Milton Roy Spectronic 3000 Array spectrophotometer. 
3.26.3 Effect ofH2O2 on the adsorbed procion red MX-5B removal capacity 
by Geotrichum candidum CU-1 
Pseudomonas sp. K-1 and Geotrichum candidum CU-1 culture was prepared by 
the procedures described in Section 3.26.1. Different concentrations (0.05，0.1, 0.2, 0.4 
and 0.6 mM) of analytical grade hydrogen peroxide (Perking) were added into the 
cultures. The cultures were shaken at 200 rpm and incubated at 30�C for 24 h. Color 
changes on the bacterial cells were recorded. 
1 0 1 
4 Results 
4.1 Isolation and selection of microorganisms for biosorption and 
biodegradation 
4.1.1 Dye-contaminated sediment in Tuen Mun River 
No microorganism isolated from the sediment samples collected from Tuen Mun 
River (Figure 19) was stained by the dye similar to or more than Pseudomonas sp. K-1 
under the agar plates with same nutrient contents and experimental conditions. Also no 
microorganism surrounded by halo zone was observed even after one week of incubation. 
4.1.2 Dye-contaminated sediment in Yuen Long River 
Two bacterial strains, namely Y1 and Y2, were isolated from dye-contaminated 
sediment in Yuen Long River (Figure 20). The bacterial cells were stained to an extent 
similar to that of Pseudomonas sp. K-1 in the screening medium plate with 50 mg/1 of 
procion red MX-5B. In the subsequent test, it discovered that bacterial strain Y2 
produced red pigment in the screening medium plate without dye (Figure 21)，therefore, 
only bacterial strain Y1 was selected. Procion red MX-5B removal capacity of strain Y1 
was 4 mg of dye/g of dry cells, while that of Pseudomonas sp. K-1, was 8 mg of dye/g of 
dry cells. No microbial strain surrounded by halo zone was isolated from the samples. 
4.1.3 Activated sludge from Shatin Sewage Treatment Works 
No microbial strain stained by procion red MX-5B more than Pseudomonas sp. 
K-1 or surrounded by halo zone was obtained from the activated sludge samples. 
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Figure 19. Sampling site in Tuen Mun River 
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Figure 20. Sampling site in Yuen Long River 
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Figure 21. Pigment production by bacterial strain Y2 in screening medium plate 
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4.1.4 Air sample from a laboratory 
A colony of fungal mycelia surrounded by halo zone was grown in the screening 
medium plate with 50 mg/1 of procion red MX-5B after exposed the agar plate in the 
laboratory. The isolated fungus decolorized 50 mg/1 of procion red MX-5B in CM plate 
after 6 days of incubation at 30�C (Figure 22). Procion red MX-5B RC,5 i^„ and RC24h of 
the isolated fungi were 3.5 mg of dye/g of dry cells and 10 mg of dye/g of dry cells, 
respectively. 
4.2 Identification of procion red MX-5B-degrading fiingus 
The isolated procion red MX-5B-degrading fungus was identified as Geotrichum 
candidum, which is named Geotrichum candidum CU-1. The light micrograph of the 
mycelia and arthroconidia chains of Geotrichum candidum CU-1 were shown in Figure 
23. 
4.3 Effect of growth phase of Pseudomonas sp. K-1 on the dye adsorption 
capacity 
The growth curve of Pseudomonas sp. K-1 was shown in Figure 24. Lag phase of 
the bacterial culture was from 0 to 18 h, which the log phase was from 18 to 36 h. The 
stationary phase of the culture was very short and therefore the decline phase started 
immediately after 36 h of incubation. Bacterial cells were only stained by procion red 
MX-5B after 36 h of incubation which was the beginning of decline phase. Dye adsorbed 
cell pellets were showed in Figure 25. 
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Figure 22. Decolorization of procion red MX-5B by the isolated fungus in complete 
medium plate 
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Figure 23. (a) Morphology of fungal colony on complete medium plate, and light 
micrograph of (b) mycelia forming arthroconidia and (c) arthroconidia 
chains of Geotrichum candidum CU-1 (by Nankai University) 
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Figure 23. (a) Morphology of fungal colony on complete medium plate, and light 
micrograph of (b) mycelia forming arthroconidia and (c) arthroconidia 
chains of Geotrichum candidum CU-1 (by Nankai University) (cont'd) 
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Figure 24. Growth of Pseudomonas sp. K-1 in screening medium. Experimental 
conditions: Temperature = 30°C and agitation rate = 150 rpm. 
* represent the intensity of dye stained on the cell surface, i.e. increase the 
number of * stand for the increase in dye adsorption. 
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Figure 25. Adsorption of different dyes by Pseudomonas sp. K-1 
C = Control (no dye added) 
PR = Procion red MX-5B 
NB = Remazol navy blue 
RB = Remazol black 
RR = Remazol red 3B 
V = Remazol brilliant violet 5R 
Y = Remazol golden yellow G 
0 = Remazol brilliant orange 3R 
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4.4 Effect of growth conditions (age of inoculum and agitation rate) of 
Pseudomonas sp. K-1 on the dye adsorption capacity 
4.4.1 Age of inoculum 
Effect of age of inoculum (24 or 36 h) of Pseudomonas sp. K-1 in 100 and 200 
rpm shaking conditions on dye removal capacity were shown in Figures 26a and 26b. 
Under 100 rpm of shaking condition, different growth patterns were observed in the 
culture with inocula of different ages. Inoculum from 24 h culture brought an earlier 
decline phase at 24 h, while the decline phase for inoculum from 36 h culture was at 36 h. 
In addition, the bacterial cells from both inocula were stained red after 36 h of incubation. 
There were no growth pattem change for different ages of inoculum at 200 rpm and the 
bacterial cells were not stained by procion red MX-5B. The inoculated cultures grown 
under 100 and 200 rpm were shown in Figure 27. 
4.4.2 Agitation rate 
The cell density of the bacterial culture shaken at 200 rpm was nearly doubled 
than that at 100 rpm with both inocula grown for 24 and 36 h (Figures 26a and 26b). 
Although the amount of cells was much larger under a higher shaking rate, the cells lost 
the dye adsorption capacity and no cell from 200 rpm culture was stained by the dye. 
4.5 Removal capacity of adsorbents {Pseudomonassp. K-1, activated carbon 
and fly ash) for different azo and non-azo dyes 
Removal capacity of adsorbents, Pseudomonas sp. K-1, activated carbon and fly 
ash, for different azo (procion red MX-5B, remazol golden yellow G, remazol brilliant 
violet 5R, remazol brilliant orange 3R and remazol red 3B) and non-azo (procion 
turquoise blue HA and procion blue H-EGN) dyes were shown in Figures 28a，28b and 
28c. Pseudomonas sp. K-1 had higher dye RC than that of activated carbon, except 
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Figure 26. Effect of age and agitation rate of inoculated and growth cultures on the 
growth of Pseudomonas sp. K-1 from (a) 24 and (b) 36 h of inoculum in 
screening medium. Experimental conditions: Temperature = 30°C and 
agitation rate = 100/200 rpm. 
* represent the intensity of dye stained on the cell surface, i.e. increase the 
number of * stand for the increase in dye adsorption. 
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Figure 27. Effect of agitation rate on the growth of Pseudomonas sp. K-1 in the 
inoculated cultures. Experimental conditions: Temperature = 30°C and 
agitation rate = 100/200 rpm. 
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jure 28. Removal capacity of different absorbents (a) Pseudomonas sp. K-1, (b) activated carbon 
and (c) fly ash for different azo and non-azo dyes. Experimental conditions: Temperature = 
30�C, agitation rate = 200 rpm, pH = 7.0 and dye concentration = 50 mg/1. Each point and 
error bar represent respective mean and standard deviation oftriplicates. 
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remazol golden yellow G and remazol brilliant orange 3R; and fly ash had the lowest dye 
RC. In addition, dye RC of Pseudomonas sp. K-1 for different dyes were different from 
those of other two adsorbents, namely, activated carbon and fly ash. In fact, the ranking 
ofdye RC ofPseudomonas sp. K-1 for different dyes was the reversed order ofthat ofthe 
two adsorbents. 
Dye RC of Pseudomonas sp. K-1 was: 
remazol red 3B> procion turquoise blue HA« procion blue H-EGN> procion red MX-5B 
> remazol brilliant violet 5R > remazol brilliant orange 3R« remazol golden yellow G 
Dye RC of activated carbon was: 
remazol golden yellow G > remazol brilliant orange 3R> procion red MX-5B > remazol 
brilliant violet 5R > procion blue H-EGN« procion turquoise blue HA« remazol red 3B 
Dye RC of fly ash was: 
remazol golden yellow G « remazol brilliant orange 3R> procion red MX-5B > procion 
blue H-EGN« procion turquoise blue HA> remazol brilliant violet 5R « remazol red 3B 
Moreover, in Figures 28a and 28b，the different dye adsorption abilities of 
Pseudomonas sp. K-1 and activated carbon were shown. Dye RC of Pseudomonas sp. K-
1 reached equilibrium before 15 min under shaking at 200 rpm and 30�C for all dyes, but 
those for activated carbon increased steady over 2 h of shaking under the same 
conditions. 
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4.6 Effect of physico-chemical parameters (pH, agitation rate and 
temperature) on procion red MX-5B and remazol brilliant violet 5R 
removal capacities of different adsorbents 
4.6.1pH 
Effect of pH on procion red MX-5B and remazol brilliant violet 5R RC of 
different adsorbents were shown in Figures 29 and 30. The effect of pH on remazol 
brilliant violet 5R RC of Pseudomonas sp. K-1 were more obvious than that on procion 
red MX-5B. Dye RC of Pseudomonas sp. K-1 was the highest under alkaline condition 
and was the lowest in neutral pH. However, procion red MX-5B RC ofPseudomonas sp. 
K-1 increased slightly under acidic condition (pH = 4) and there were no change in other 
pHs. In addition, pH did not affect the adsorption abilities of activated carbon on procion 
red MX-5B and remazol brilliant violet 5R under the experimental conditions. Fly ash 
had the lowest dye RC as comparing to those of Pseudomonas sp. K-1 and activated 
carbon in all tested pHs. The relationship between the dye absorbance and dye 
concentration at different pH conditions was showed in Figures 31 and 32. All standard 
curves for the dye absorbance and dye concentration of procion red MX-5B and remazol 
brilliant violet 5R had R^ value equal to 1 (Figure 31). 
4.6.2 Agitation rate 
The effect of agitation rate on procion red MX-5B and remazol brilliant violet 5R 
RC of the three adsorbents was similar (Figures 33 and 34). There was no significant 
change of dye RC of Pseudomonas sp. K-1 and fly ash under different shaking 
conditions. However, the dye RC of activated carbon increased as the agitation rate 
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?ure 29. Effect o fpH on procion red MX-5B RC of (a) Pseudomonas sp. K-1, (b) activated carbon 
and (c) fly ash. Experimental conditions: Temperature = 30�C，agitation rate = 200 rpm and 
dye concentration = 50 mgy^ l. Each point and error bar represent respective mean and 
standard deviation of triplicates. 
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'igure 30. Effect of pH on remazol brilliant violet 5R RC of (a) Pseudomonas sp. K-1, (b) 
activated carbon and (c) fly ash. Experimental conditions: Temperature = 30�C， 
agitation rate = 200 rpm and dye concentration = 50 mg/1. Each point and error bar 
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Figure 31. Standard curves of concentration and absorbance of (a) procion red MX-5B 
and (b) remazol brilliant violet 5R at different pHs 
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Figure 32. Color changes of(a) procion red MX-5B and (b) remazol brilliant violet 5R 
at different pHs 
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Figure 33. Effect of agitation rate on procion red MX-5B RC of (a) Pseudomonas sp. K-1, (b) 
activated carbon and (c) fly ash. Experimental conditions: Temperature 二 30QC, pH = 7 
and dye concentration = 50 mg/1. Each point and error bar represent respective mean 
and standard deviation of triplicates. 
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Figure 34. Effect of agitation rate on remazol brilliant violet 5R RC of (a) Pseudomonas sp. K-1, 
(b) activated carbon and (c) fly ash. Experimental conditions: Temperature = 30°C, pH 
=7.0 and dye concentration = 50 mg/1. Each point and error bar represent respective 
mean and standard deviation of triplicates. 
122 
4.6.3 Temperature 
The effect of temperature on RC of procion red MX-5B and remazol brilliant 
violet 5R of the three adsorbents was similar (Figures 35 and 36). Changes oftemperature 
would not alter the dye RC of adsorbents, Pseudomonas sp. K-1 and fly ash, significantly. 
However, procion red MX-5B RC of activated carbon increased more obviously at 50°C 
(Figure 35b). 
4.7 Effect of dye concentration on the removal capacity of procion red MX-
5B and remazol brilliant violet 5R of different adsorbents {Pseudomonas 
sp. K-1, activated carbon and fly ash) 
The dye RC of the adsorbents increased as the dye concentration increased, except 
for fly ash whose dye RC was constant or slightly decreased as the concentration of dye 
higher than 50 mg/1 (Figures 37 and 38). Figure 39 summarized the dye RCs of different 
adsorbents at 120 min at different dye concentrations. The increases of dye RC for 
Pseudomonas sp. K-1 and activated carbon at different dye concentrations were different. 
For Pseudomonas sp. K-1, the increase of dye RC was stepwise, i.e. from 10 to 50 mg/1 
of dye, the increase of dye RC was more drastic than that from 50 to 100 mg/1 of dye. For 
activated carbon, the increase of dye RC was linear as the dye concentration at or below 
75 mg/l, while the effect of dye concentration on dye RC was insignificant at 
concentration higher than 75 mg/1. 
Freundlich adsorption isotherms of procion red MX-5B and remazol brilliant 
violet 5R of different adsorbents were shown in Figures 40 and 41. Both adsorption of 
Pseudomonas sp. K-1 and activated carbon on procion red MX-5B and remazol brilliant 
violet 5R fitted the linear equation, the R^  values were from 0.95 to 0.987 and 1/n values 
were from 0.315 to 0.888. For fly ash, the R^ and 1/n values of the best fit line were 0.949 
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Figure 35. Effect of temperature on procion red MX-5B RC of (a) Pseudomonas sp. K-1, (b) 
activated carbon and (c) fly ash. Experimental conditions: Agitation rate 二 200 rpm, pH 
=7.0 and dye concentration = 50 mg/1. Each point and error bar represent respective 
mean and standard deviation of triplicates. 
124 
a 
至 2 0 n ： 
8 
1 1 5 -
t3 
03 JD 
1 1 0 -
1 . - ^ ^ w . • • 
^ 0 # ！ 1 1 1 1 1 
0 20 40 60 80 100 120 140 
Time (min) 
c 20 n n o € 03 
0 
1 15 -ca 
•s m . _ 
^ 10 -
1 ' -y^^^^ 
^ 0 W ^ 1 ‘ ‘ ‘ ' 
0 20 40 60 80 100 120 140 
Time (min) 






2 10 - ~ # ~ 10°C 
§) - » - 20 °C 
Z 5 - " ^ 3 0 ° C 
^ ~ ^ 40。C 
- ^ 50。C 
0 去 _| _ | _ f I _ , 宇 ~ 
0 20 40 60 80 100 120 140 
Time (min) 
Figure 36. Effect of temperature on remazol brilliant violet 5R RC of (a) Pseudomonas sp. K-1, 
(b) activated carbon and (c) fly ash. Experimental conditions: Agitation rate = 200 
rpm, pH = 7.0 and dye concentration = 50 mg/1. Each point and error bar represent 
respective mean and standard deviation of triplicates. 
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Figure 37. Effect ofprocion red MX-5B concentration on the dye RC of (a) Pseudomonas sp. K-
1，（b) activated carbon and (c) fly ash. Experimental conditions: Temperature = 30°C, 
agitation rate = 200 rpm and pH = 7.0. Each point and error bar represent respective 
mean and standard deviation of triplicates. 
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Figure 38. Effect ofremazol brilliant violet 5R concentration on the dye RC of (a) Pseudomonas 
sp. K-1, (b) activated carbon and (c) fly ash. Experimental conditions: Temperature = 
30�C，agitation rate = 200 rpm and pH = 7.0. Each point and error bar represent 
respective mean and standard deviation oftriplicates. 
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Figure 39. Different removal capacities of (a) Pseudomonas sp. K-1, (b) activated 
carbon and (c) fly ash at different concentrations of remazol brilliant violet 
5R and procion red MX-5B. Experimental conditions: Temperature = 
30�C, agitation rate = 200 rpm and pH = 7. Each point and error bar 
represent respective mean and standard deviation oftriplicates. 
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Figure 40. Freundlich adsorption isotherm of procion red MX-5B of (a) Pseudomonas sp. K-1, (b) 
activated carbon and (c) fly ash. Experimental conditions: Temperature = 30�C， 
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Figure 41. Freundlich adsorption isotherm of remazol brilliant violet 5R of (a) Pseudomonas sp. 
K-1, (b) activated carbon and (c) fly ash. Experimental conditions: Temperature = 
30°C, agitation rate = 200 rpm and pH = 7.0. Each point represents mean of triplicates. 
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4.8 Optimization of growth yield and dye removal capacity of Pseudomonas 
sp. K-1 
4.8.1 Effect of agitation rate and nutrient contents on the growth yield of 
Pseudomonas sp. K-1 
In Section 4.4.2, the effect of agitation rate on the cell yield of bacterial cultures 
was shown. Cell yield of the bacterial culture almost doubled, but the cells lost the 
adsorption capacity as the shaking rate increased from 100 rpm to 200 rpm. The effect of 
increasing nutrient contents on the cell culture was shown in Figure 42. Culture 
containing 5 times of the amount of yeast extract had the highest cell yield (八；恥刚=1.1) 
and followed by the increasing of FeSO4, MgSO4 and glucose (八，恥肺=0.95) and 
increasing of CaSO4 had the same cell yield (A58Onm = 0.8) as the original screening 
medium, while for the culture containing 5 times of the amount ofNaCl showed a delay 
in cell growth. The dye adsorption ability of Pseudomonas sp. K-1 grown in different 
culture media and under shaking conditions were also compared (Figure 42). Only the 
cells grown in the original screening medium at 100 rpm and 5 times of the amount of 
glucose at 200 rpm retained the dye adsorption ability for procion red MX-5B after 24 h 
of incubation. 
4.8.2 Effect of glucose concentration on the growth yield and dye removal 
capacity of Pseudomonas sp. K-1 
Growth yield of the bacterial cultures were similar in the presence of different 
concentrations of glucose (Figure 43a), but the dye RC of bacterial cells significantly 
increased after the addition of 2.5 mg/ml of glucose (Figure 43b). The dye RC of the 
bacterium was constant at 8 mg of dye/g of dry cells in the culture containing 2.5 to 10 
mg/ml of glucose (Figure 43b). 
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Figure 42. Effect of nutrients on the growth yield of Pseudomonas sp. K-1. 
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Figure 43. Effect of glucose concentration on the (a) growth yield and (b) dye RC of 
Pseudomonas sp. K-1. Experimental conditions: Temperature = 30°C, agitation rate 
= 2 0 0 rpm, pH = 7.0 and dye concentration = 50 mg/1. Each point and error bar 
represent respective mean and standard deviation of triplicates. 
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4.8.3 Effect of volume of inoculum from 2.5 mg/1 of glucose screening 
culture on procion red MX-5B removal capacity ofPseudomonas sp. 
K-1 
Effect of volume of inoculum on dye RC of Pseudomonas sp. K-1 was indicated 
in Table 17. Cell density after 24 h of incubation was around 1.0，except for 40 ml of 
inoculum which showed about 0.7 at 八；肌腕.Dye RC increased with the increase of 
volume of inoculum. Dye RC increased almost twice under the optimized conditions (dye 
RC = 16.23 mg of dye/g of dry cells) than that grown under the original conditions (dye 
RC = 8.0 mg of dye/g of dry cells). In the present study, the most favorable inoculum 
conditions for the growth and dye adsorption by Pseudomonas sp. K-1 were 40 ml of 
inoculum from 2.5 mg/1 of glucose screening culture sampled at 21 h of incubation. 
4.9 Study on the surface structure of adsorbents {Pseudomonas sp. K-1, 
activated carbon and fly ash) by scanning electron microscopy 
4.9.1 Pseudomonas sp. K-1 
Pseudomonas sp. K-1 (Figure 44a) was a rod shape bacteria without flagella or 
cilia. The average length of the cells was about 5 jam. 
4.9.2 Activated carbon 
Activated carbon (Figure 44b) had the largest size as compared to those of 
Pseudomonas sp. K-1 and fly ash. The external and internal surfaces were rough and full 
of little pores. 
4.9.3 Fly ash 
Fly ash (Figure 44c) had the spherical shape and smooth surface which made it 
like a marble. 
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Table 17. Effect of volume of 21 h inoculum on the absorbance at 580 nm of 
Pseudomonas sp. K-1 and procion red MX-5B RC after 24 h of 
incubation 
Parameters\volume (ml) 10 20 40 
A580nm 0.987 1.006 0 . 6 5 9 “ 
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Figure 44. Surface structure of (a) Pseudomonas sp. K-1, (b) activated carbon and (c) 
fly ash determined by scanning electron microscopy 
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Figure 44. Surface structure of(a) Pseudomonas sp. K-1, (b) activated carbon and (c) 
fly ash determined by scanning electron microscopy (cont'd) 
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4.10 Effect of temperature on the growth ofGeotrichum candidum CU-1 on 
complete medium plate 
The diameter of mycelium growth zone of Geotrichum candidum CU-1 at 
different temperatures were shown in Table 18 and Figure 45. The optimum growth 
temperature was 30°C and no growth of mycelia observed at 44.5�C. 
4.11 Effect of agitation rate on the growth ofGeotrichum candidum CU-1 in 
complete medium 
The effect of agitation rate on the growth of Geotrichum candidum CU-1 was 
shown in Figure 46. After 3 days of incubation, dry weight of mycelia increased as the 
shaking rate increased and the observed size of mycelia balls was smaller under higher 
agitation condition. There were very little mycelia growth in static culture after 3 days of 
incubation. A white color with certain thickness of mycelia plate was observed after 6 
days of incubation under static condition (Figure 47). 
4.12 Effect of age of Geotrichum candidum CU-1 culture on the dye removal 
efficiency of procion red MX-5B 
Dye RE of Geotrichum candidum CU-1 in the growing culture decreased as the 
time of incubation increased (Figure 48). Day 2 fungal culture removed more than 90% of 
100 mg/1 ofprocion red MX-5B within 1 h of incubation. Day 3 to 4 cultures took 8 h to 
remove the same amount of dye. Dye RE decreased to only 25% and 18% for Day 6 and 
9 cultures. Dry weight of fungal mycelia increased initially from 0.18 to 0.26 g after 4 
days of incubation, and then gradually decreased to 0.17 g after 9 days of incubation 
(Figure 49a). The effect of age on the pH of the culture was opposite to that of dry 
weight. Initial pH of complete medium was about 6.5. The pH in the culture medium 
(Figure 49b) was maintained at the same value after 2 days of incubation. At Day 3 and 4, 
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Table 18. Diameter of mycelial growth zone of Geotrichum candidum CU-1 at 
different temperatures on complete medium plate 
Day/Temp. (T ) 25 27 30 35 37 44.5 
1 r ^ f 3 0 r i 3 0 ^ 4 l 3 0.00 
(0.00)* (0.00) 0.06 0.06 0.06 0.00 
2 J M T ^ 4.00 Z9 l 0 ^ 0.00 
(0.00) (0.06) 0.00 0.06 0.00 0.00 
3 4 ^ 4?^ 5 l 3 l 9 0 ^ 0.00 
(0.00) (0.00) 0.00 0.00 0.00 0.00 
* values in the parentheses stand for the standard deviation of triplicates 
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Figure 46. Effect of agitation rate on the growth of Geotrichum candidum CU-1. 
Experimental conditions: Temperature = 30�C and agitation rate = 0，100 
or 200 rpm. Each bar and error bar represent respective mean and 
standard deviation of triplicates. Different between means of various 
treatments were tested by one-way ANOVA followed by Ducan's test at 
p = 0.05. Statistically identical treatments are marked by same letter. 
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Figure 47. Mycelia of Geotrichum candidum CU-1 grown under static condition 
142 
100 n 
F ^ ^ ^ n 
8 0 - 丁 j 
y - % - d a y 2 
U i l ~ » ~ d a y 3 
一 6 0 - r / I - ^ d a y 4 
g m - ^ d a y 6 
^ I - ^ d a y 9 
4 0 - 1 
T I 
. o - f ^ ^ 
i > " ~ ^ ~ ~ ^ , 
0 # 1 i 1 1 1 
0 5 10 15 2 0 2 5 3 0 
Time (h) 
Figure 48. Effect of age of Geotrichum candidum CU-1 culture on procion red MX-5B RE. 
Experimental conditions: Temperature = 30°C, agitation rate = 200 rpm and dye 
concentration = 100 mg/1. Each point and error bar represent respective mean and 
standard deviation of triplicates. 
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Figure 49. Changes of (a) dry weight and (b) pH of fungal mycelia during the 
incubation period. Experimental conditions: Temperature = 30�C, 
agitation rate = 200 rpm and medium = complete medium. Each point 
and error bar represent respective mean and standard deviation of 
triplicates. 
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the pH values decreased to about 4.0. Afterwards, the pH values in the cultures raised to 
about 7.0 and 8.0 at Day 6 and 9，respectively. 
4.13 Removal efficiency of Geotrichum candidum CU-1 for different azo 
and non-azo dyes 
Dye RE of Geotrichum candidum CU-1 for different azo and non-azo dyes in 
liquid medium were indicated in Figure 50. All dyes except remazol golden yellow G 
were removed up to 90% from the medium after one day of incubation. Only 40% of 
remazol golden yellow G was removed from the medium. Autoclaved fungal culture only 
removed 70% of procion red MX-5B (Figure 51). Procion blue H-EGN and procion red 
MX-5B were more favorable for decolorization by Geotrichum candidum CU-1 and 
nearly all dyes were decolorized within 24 h of incubation. 
4.14 Effect of physico-chemical parameters (pH, agitation rate and 
temperature) on procion red MX-5B removal efficiency of 
Geotrichum candidum CU-1 under aerobic and anaerobic conditions 
4.14.1pH 
Dye RE of Geotrichum candidum CU-1 at different pHs under aerobic and 
anaerobic conditions were shown in Figures 52a and 52b，respectively. Dye RE increased 
as the pH decreased (more acidic) under aerobic condition (Figure 52a and Figure 53a). 
Geotrichum candidum CU-1 removed up to 80% of procion red MX-5B from the medium 
within 8 h of incubation at pH 4 and 5, while the fungal mycelia slowly removed almost 
80% of the dye within a day of incubation at pH 6. There was only 20% of the dye 
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Figure 51. Removal of (a) 100 mg/1 of procion red MX-5B solution by (b) autoclaved 
and (c) living cultures of Geotrichum candidum CU-1 
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Figure 52. Effect ofpH on procion red MX-5B RE of Geotrichum candidum CU-1 
under (a) aerobic and (b) anaerobic conditions. Experimental 
conditions: Temperature = 30°C, agitation rate = 200 rpm, dye 
concentration = 100 mg/1 and medium = MES (pU 4,5,6)/MOPS (pH 
7,8,9) buffer. Each point and error bar represent respective mean and 
standard deviation of triplicates. 
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Figure 53. Removal ofprocion red MX-5B by Geotrichum candidum CU-1 at 
different pHs under (a) aerobic and (b) anaerobic conditions 
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Dye REs of Geotrichum candidum CU-1 under anaerobic condition at different 
pHs were remained almost the same after 1 h of incubation and there were three distinct 
dye RE levels showed at different pHs (Figure 53b). Geotrichum candidum CU-1 at pH 4 
had the highest dye RE (40%), followed by the treatments at pH 5 and 6 (20%) and 
finally at pH 7 to 9, only 10% of the dye was removed by the fungus. 
pHs of the cultures at different pHs were similar during the incubation period, 
especially those near the neutral pH (Figure 54). The average final pH at pH 4 and 5 were 
5.6，while the average pH at 6 and 7 to 9 were 6.5 and 7.5，respectively. The change of 
pH of the culture under anaerobic condition was much smaller than that under aerobic 
condition. The change of final pH of the culture after 24 h of incubation under aerobic 
and anaerobic conditions were indicated in Table 19. 
4.14.2 Agitation rate 
Dye RE of procion red MX-5B increased as the shaking rate increased. 
Geotrichum candidum CU-1 removed up to 90% of dye within 8 h of incubation at 200 
rpm and further increase in agitation rate to 300 rpm would not further increase the dye 
RE (Figure 55a). About half of the dye was removed by Geotrichum candidum CU-1 at 
100 rpm and 40% of the dye was removed by the fungus in static condition (Figure 55a). 
Effect of agitation rate on the RE of dye by Geotrichum candidum CU-1 under 
anaerobic condition was similar to that under aerobic condition (Figure 55b). Geotrichum 
candidum CU-1 grown at 200 and 300 rpm had the highest dye RE (45%) and grown at 
100 rpm and static condition, dye RE were 35% and 30%, respectively (Figure 55b). 
4.14.3 Temperature 
The highest procion red MX-5B REs were shown at 20 and 30�C (90%) (Figure 
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Figure 54. Change of pH in the cultures of Geotrichum candidum CU-1 at different 
pHs during the incubation time under aerobic condition. Experimental 
conditions: Temperature = 30。。，agitation rate = 200 rpm, dye 
concentration = 100 mg/l and medium = MES OpH 4,5,6)MOPS (pH 
7,8,9) buffer. Each point represents respective mean of triplicates. 
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Table 19. Change of final pH of the fungal cultures resuspended in pH 4 to 9 MES/MOPS 
buffers after 24 h of incubation under aerobic and anaerobic conditions with and 
without the addition of glucose 
pH 4 5 6 7 8 9 
aerobic without 
glucose 5.54 5.76 6.52 72 7.62 7.68 
aerobic with 
glucose 4.74 5.03 5.73 6.16 6.75 6.90 
anaerobic 
withAvithout 4.84 5.48 6.57 6.89 7.85 8.01 
glucose 
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Figure 55. Effect of agitation rate on procion red MX-5B RE of Geotrichum candidum CU-1 
under (a) aerobic and (b) anaerobic conditions. Experimental conditions: Temperature 
=30°C and dye concentration = 100 mg/1. Each point and error bar represent 
respective mean and standard deviation of triplicates. 
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Figure 56. Effect of temperature on procion red MX-5B RE of Geotrichum candidum CU-1 under 
(a) aerobic and (b) anaerobic conditions. Experimental conditions: Agitation rate = 200 
rpm and dye concentration = 100 mg/1. Each point and error bar represent respective 
mean and standard deviation of triplicates. 
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CU-1 incubated at 20 and 30�C showed a gradually increase in dye RE within 8 h of 
incubation from 80 to 90% and 60 to 90%, respectively, while the dye REs of 
Geotrichum candidum CU-1 grown at 10 and 40°C were almost unchanged (Figure 56a). 
Effect of temperature on dye RE under anaerobic condition was different from 
that under aerobic condition (Figures 56a and 56b). Geotrichum candidum CU-1 grown at 
10 and 40�C had the highest dye RE (60%), while at 20 and 30�C, dye REs by the fungus 
were around 50% (Figure 56b). A moderate increase in dye RE by Geotrichum candidum 
CU-1 was found at 10�C under anaerobic condition (Figure 56b). 
4.15 Effect of glucose concentration on procion red MX-5B removal 
efficiency of Geotrichum candidum CU-1 
Dye RE of Geotrichum candidum CU-1 on procion red MX-5B reached about 
80% without adding glucose into the MES buffer (pU = 5) (Figure 57). Dye RE increased 
close to 100% as the glucose concentration increased to 2.4% (Figure 57). The 
supematants of the fimgus-dye mixtures in different concentrations of glucose MES 
buffer were shown in Figure 58b. The supernatant from 0% of glucose MES buffer was 
orange color which was decolorized as the glucose concentration increased (Figures 58a 
and 58b). At 2.4% of glucose, the supernatant form the reaction mixture was colorless 
(Figures 58a and 58b). 
4.16 Effect of pH on procion red MX-5B removal efficiency ofGeotrichum 
candidum CU-1 with the addition of glucose 
In Section 4.12.1 the effect of pH on dye RE of procion red MX-5B by 
Geotrichum candidum CU-1 was shown. Dye RE was higher at pH below 5 and at pH 6, 
dye RE increased to 80% gradually within a day, while at pH greater than 7, dye RE 
maintained at 20% during the incubation (Figure 52). Effect of pH on dye RE in 2.4% of 
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Figure 57. Effect of glucose concentration on procion red MX-5B RE of Geotrichum candidum 
CU-1 under aerobic condition. Experimental conditions: Temperature = 30�C， 
agitation rate = 200 rpm, pH = 5.0, dye concentration = lOO mg/1 and medium = 
MES buffer. Each point and error bar represent respective mean and standard 
deviation oftriplicates. 
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Figure 58. Decolorization of procion red MX-5B by Geotrichum candidum CU-1 at 
different concentrations of glucose showed in (a) the fungal cultures and 
(b) filtered dye supematants 
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glucose MES buffer were shown (Figure 59). Dye RE before 6 h of incubation was 
inversely related to the pH that means dye RE increased as the pH decreased (more 
acidic) (Figure 59). All fungal cultures with different treatments removed almost 100% of 
the dye after 24 h of incubation, but the removal rate were different (Figure 59). The 
major difference of the effect of pH on dye RE in the culture with and without glucose 
was the increase of dye RE of Geotrichum candidum CU-1 under alkaline condition. As 
mentioned above, the dye RE of Geotrichum candidum CU-1 maintained at 20% at pH 
above 7，but in the cultures with the addition of glucose into the buffer, the dye REs 
raised gradually to 100% (Figure 59). Changes offinal pH in all treatments under aerobic 
condition were showed in Table 20. The pH values at pH 4 to 6 cultures were almost the 
same under aerobic condition. At pH 7 to 9 cultures, the pH values decreased after the 
incubation. The average final pH of the flingal cultures at pH 7 to 9 was about 6.5 and 
7.0，respectively. The change of color in the culture media at different pHs were showed 
in Figure 60. 
I 
4.17 Effect of procion red MX-5B concentration on the dye removal 
efficiency ofGeotrichum candidum CU-1 under aerobic and anaerobic 
conditions 
Under aerobic condition, Geotrichum candidum CU-1 removed close 100% of50 
to 1,000 mg/1 of procion red MX-5B within 8 h of incubation (Figure 61a). The color 
changes of dye supernatant by the fungus at different dye concentrations were showed in 
Figure 62. The dye RC of Geotrichum candidum CU-1 at 1,000 mg/1 of dye was 250 mg 
of dye/g of dry cells (Figure 63a). 
Dye REs at different dye concentrations were much lower under anaerobic 
condition. Geotrichum candidum CU-1 removed 40% of the dye at 100 mg/1 of procion 
red MX-5B and around 20% of the dye at 200 and 400 mg/1 of procion red MX-5B 
(Figure 61b). Similarly, dye RCs were also lower under anaerobic condition (Figure 63b). 
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Figure 59. Effect of pH in the presence of glucose on procion red MX-5B RE of Geotrichum 
candidum CU-1 under aerobic condition. Experimental conditions: Temperature = 
30�C，agitation rate = 200 rpm, dye concentration = 100 mg/1 and medium = MES (pH 
4,5,6)MOPS (pR 7,8,9) buffer with 2.4% of glucose. Each point and error bar 
represent respective mean and standard deviation of triplicates. 
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Figure 60. Decolorization of procion red MX-5B by Geotrichum candidum CU-1 in the 
presence of glucose at different pHs under aerobic condition 
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Figure 61. Effect of procion red MX-5B concentration on the dye RE of 
Geotrichum candidum CU-1 under (a) aerobic and (b) anaerobic 
conditions. Experimental conditions: Temperature = 30°C and 
agitation rate = 200 rpm. Each point and error bar represent 
respective mean and standard deviation of triplicates. 
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Figure 62. Removal of procion red MX-5B by Geotrichum candidum CU-1 at different 
concentrations of dye 
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Figure 63. Effect of procion red MX-5B concentration on the RC of Geotrichum 
candidum CU-1 under (a) aerobic and (b) anaerobic conditions. 
Experimental conditions: Temperature = 30°C and agitation rate = 200 
rpm. Each point and error bar represent respective mean and standard 
deviation of triplicates. 
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4.18 Dye removal efficiency of Geotrichum candidum CU-1 in a recycle 
system 
Complete medium provided a better conditions for continuous dye biodegradation 
by the fungus than with glucose buffer (Figure 64). Geotrichum candidum CU-1 grown in 
complete medium removed almost 100% of the dye in three cycles ofdye solution, while 
Geotrichum candidum CU-1 incubated in glucose buffer only removed all the dyes in the 
first cycle of dye solution (Figure 64). In addition, dye biodegradation capacity of the 
fimgal cultures decreased as the incubation time increased in both cases (Figure 64). 
Although fungal mycelia grown in both media removed similar amount of the dye in 
cycle 5, their changes of dye RE were different (Figure 64). The rate of decrease in dye 
RE of Geotrichum candidum CU-1 in glucose buffer was more gentle and started from 
cycle 1，while in complete medium, it was started from cycle 3 and rapidly increased to 
cycle 5 (Figure 64). 
4.19 Recovery of Geotrichum candidum CU-1 mycelia for biodegradation 
Under anaerobic condition, Geotrichum candidum CU-1 incubated in all media 
performed a similar dye RE (30%) (Figure 65). Under aerobic condition, complete 
medium provided the most favorable environment for the recovery of biodegradation of 
Geotrichum candidum CU-1. MES buffer with 2.4% of glucose also improved the dye RE 
of old fungal culture, but the rate was slower than that in complete medium, while MES 
buffer alone could not recover the biodegradation capacity of the old fungal mycelia 
(Figure 65). 
4.20 Effect of procion red MX-5B concentration on the growth of 
Geotrichum candidum CU-1 in complete medium 
There was no significant difference between the dry weight of the three days old 
mycelia grown under different concentrations of dye (Figure 66). Dye added into the 
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Figure 64. Dye remained in the culture of Geotrichum candidum CU-1 after each 
dye removal cycle in complete medium or glucose MES buffer Q)H = 
5). Experimental conditions: Temperature = 30�C，agitation rate = 200 
rpm and dye concentration = 100 mgyl Each point and error bar 
represent respective mean and standard deviation of triplicates. 
165 . 
100 n — 
—•— glucose & aerobic y j j k 
- I K - MES & 36robic y / y 
- < y - glucose & anaerobic ^ X / 
- o - MES & anaerobic ^ / / 
— ‘ ^ complete medium & aerobic y ^ / 
80 - ~ ^ complete medium & anaerobic y ^ / 
f yy 
4 0 」 1 ^ ^ ^ " " " ^ ^ ^ ^ _ _ _ _ _ ^ ^ r ^ ^ ^ ^ ^ ^ ^ ^ 
0 ^ 1 1 1 1 1 
0 5 10 15 20 25 30 
Time (h) 
Figure 65. Dye removal efficiency of 10 days old Geotrichum candidum CU-1 culture 
on procion red MX-5B resuspended in different media under aerobic and 
anaerobic conditions. Experimental conditions: Temperature = 30�C， 
agitation rate = 200 rpm and dye concentration = 100 mg/1. Each point and 
error bar represent respective mean and standard deviation oftriplicates. 
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Figure 66. Effect of procion red MX-5B concentration on the growth of 
Geotrichum candidum CU-1. Experimental conditions: Temperature 
=30°C，agitation rate = 200 rpm and medium = complete medium. 
Each bar and error bar represent respective mean and standard 
deviation of triplicates. Different between means of various 
treatments were tested by one-way ANOVA. 
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culture was removed at the same time by the growing mycelia (Figure 66). Dye RE in 50, 
100，200 and 400 mg/1 of procion red MX-5B were 100，97, 97 and 74%, respectively 
(Figure 66). 
4.21 Microtox® test 
Toxicities of different dyes under Microtox® test were shown in Table 21. Azo 
dyes showed the higher toxicity and lower EC50 than that ofnon-azo dyes. The average 
EC50 values ofazo and non-azo dyes were 115 and 540 mg/1, respectively. The average 
EC50 of azo dyes was almost 5 times lower than those of non-azo dyes. In addition, 
brighter color such as yellow and red had higher toxicity than the deeper color, such as 
violet. The most toxic dye in the present study was remazol golden yellow G (EC50 = 89 
mg/1). The least toxic dye was procion blue H-EGN with EC50 of 547 mg/1. Toxicity of 
procion red MX-5B degradation products was also conducted, but the value ofEC50 was 
same as the control, fungal culture alone. Both samples had EC50 o f4 mg/1. 
4.22 Determination of the degradation products of procion red MX-5B by 
Geotrichum candidum CU-1 using high performance liquid 
chromatography (HPLC) 
Changes of absorption spectra at 254 and 538 nm of procion red MX-5B in 
Geotrichum candidum CU-1 culture and the culture alone at different incubation times 
were shown in Figures 67 to 79. Amount of the dye was diminished with the incubation 
time. After 12 h of incubation, dye absorption spectrum at 538 nm was the same as that of 
the culture alone (Figures 74 and 75). Dye absorption spectrum at 254 nm showed similar 
changes as at 538 nm, except there was few more and larger peaks occurred at the 
spectrum before 4 min retention time than the culture alone (Figures 74 and 75). 
Magnified spectra at time 20 h were shown in Figures 80 and 81. The patterns of 
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Figure 67. Absorption spectrum of procion red MX-5B at (a) 538 nm and (b) 
254 nm by HPLC 
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Figure 68. Absorption spectrum of procion red MX-5B at (a) 538 nm and (b) 254 nm in 
the ftmgal culture at 0 h by HPLC 
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Figure 75. Absorption spectrum of Geotrichum candidum CU-1 culture at (a) 538 nm 
and (b) 254 nm at 12 h by HPLC 
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Figure 70. Absorption spectrum of procion red MX-5B at (a) 538 nm and (b) 254 nm in 
the fungal culture at 4 h by HPLC 
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Figure 75. Absorption spectrum of Geotrichum candidum CU-1 culture at (a) 538 nm 
and (b) 254 nm at 12 h by HPLC 
172 
^ 一 b 






，O.M^ 9 。•广 
9.t$' 。 " : 
O.M： ®'»®^  
O.U： ••"： 
o,w^  ••«： 
9.0ft-
O.M-
“ _ 7 \ I : . J ^ M ^ ^ ^ A ^ � 
ot~ns"^^“i.lo； ‘ .,!o.""""^ ~^ni3"^ “^ ^：« • ‘ “!‘'.'.丄 •:" ' - '••"““^~:。:》• "：“"""^ •^""" ~ •。" 
WMCM 
NintM 
Figure 72. Absorption spectrum of procion red MX-5B at (a) 538 nm and (b) 254 nm in 
the fungal culture at 8 h by HPLC 
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Figure 75. Absorption spectrum of Geotrichum candidum CU-1 culture at (a) 538 nm 
and (b) 254 nm at 12 h by HPLC 
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Figure 74. Absorption spectrum of procion red MX-5B at (a) 538 nm and (b) 254 nm in 
the flingal culture at 12 h by HPLC 
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Figure 75. Absorption spectrum of Geotrichum candidum CU-1 culture at (a) 538 nm 
and (b) 254 nm at 12 h by HPLC 
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Figure 76. Absorption spectrum of procion red MX-5B at (a) 538 nm and (b) 254 
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Figure 75. Absorption spectrum of Geotrichum candidum CU-1 culture at (a) 538 nm 
and (b) 254 nm at 12 h by HPLC 
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Figure 78. Absorption spectrum of procion red MX-5B at (a) 538 nm and (b) 254 nm in 
the ftingal culture at 20 h by HPLC 
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Figure 75. Absorption spectrum of Geotrichum candidum CU-1 culture at (a) 538 nm 
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Figure 80. Magnified absorption spectrum of procion red MX-5B at (a) 538 nm and (b) 
254 nm in the fimgal culture at 20 h by HPLC 
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at retention times at 2 and 3 min were found (Figures 80 and 81). The magnified dye 
spectrum at time 20 h contained one more peak than that ofthe culture alone at retention 
time at 4.5 min (Figures 80 and 81). This peak appeared in the dye spectrum at 538 nm, 
but it was absent in the culture alone sample at 538 nm (Figures 80a and 81a). Absorption 
spectrum of procion red MX-5B treated by the photocatalytic method was shown in 
Figure 82. Two peaks appeared at retention time 2 and 3 min. 
4.23 Integration ofbiosorption and biodegradation 
4.23.1 Pseudomonas sp. K-1 and Geotrichum candidum CU-1 
There was no observable changes on the color of the dye adsorbed on 
Pseudomonas sp. K-1 cells in the fungal culture. 
4.23.2 Pseudomonas sp. K-1 and Geotrichum candidum CU-1 in dye 
solution 
After 24 h of incubation, nearly 100% of the dye was removed in the bacterial-
fungal culture, but there was no observable change on the color of the dye adsorbed by 
the bacterial cells. 
4.23.3 Effect ofH2O2 on the adsorbed procion red MX-5B removal capacity 
by Geotrichum candidum CU-1 
When H2O2 was added into the culture, bubbles were released from the surface of 
the fungal and bacterial cells. The amount of bubbles increased as the concentration of 
H2O2 in the culture increased. The dye adsorbed on the cell surface could not be removed 
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Figure 82. Absorption spectrum of procion red MX-5B at (a) 538 nm and (b) 254 
nm in TiO2-H2O2 photocatalytic method by HPLC 
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5 Discussion 
5.1 Isolation and selection of microorganisms for biosorption and 
biodegradation 
There was no microbial strain, isolated in the present study could adsorb more dye 
than that by Pseudomonas sp. K-1. Pseudomonas sp. K-1 was isolated from dye 
contaminated sludge from a very large and long history dyeing factory in Tseun Wan, 
Cho Kung Tam by Mak (1995) (Figure 83). Heavily dye-contaminated sludge provides a 
favorable environment for the growth of dye adsorbing and degrading microorganisms. In 
the present study, most sludge samples were not collected form the sites near dyeing 
factories. Except one sediment sample in blue color was collected in Yuen Long River 
which was near a small dyeing factory. Activated sludge collected from the Shatin 
Sewage Treatment Works was not colored, therefore activated sludge was not heavily 
polluted by dye. Microorganisms from these samples were not constantly exposed to 
large amount of dye so that microbial strains for dye biosorption and biodegradation were 
not easily isolated from these samples. 
Procion red MX-5B-degrading fungus was isolated from the air sample in a 
laboratory. The presence of dye-degrading fungus in a non-contaminated sites proved that 
microorganisms have a great varieties of degradation abilities for various xenobiotics. 
And sometimes the degrading abilities are not essentially induced by specific xenobiotic 
compounds or mutation, and the degrading enzyme required for the degradation can be 
non-specific to the xenobiotics. For example, peroxidases in Phanerochate 
chrysosporium are used to degrade lignin, but they have non-specific activity in the 
degradation of various xenobiotic compounds such as azo dyes, DDT, dioxin and 
benzo[a]pyrene (Bumpus et al., 1985) 
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Figure 83. Heavily dye-contaminated site in Cho Kung Tam 
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5.2 Identification of procion red MX-5B-degrading fungus 
Geotrichum candidum is an imperfect fungus belong to the class of 
deuteromycetes (Robinson, 1978; Carlile and Watkinson, 1994). The general 
characteristics of deuteromycetes are the presence of regularly septate hyphae and the 
fUngal cells are mostly uninucleate (Carlile and Watkinson, 1994). Sexual reproduction is 
unknown and asexual reproduction is through conidia which may be produced on single 
or aggregated conidiophores or within acervuli or pycnidia (conidimata), or absence of 
any specific reproductive structure (sterile mycelia) (Smith, 1969; Domsch et al., 1980). 
According to Domsch et aL (1980), classification of Geotrichum candidum was started 
from the subclass hyphomycetes. Hyphomycetes produce single conidiophores, 
sometimes aggregated into sporodochia, or united into erect synnemata, which are not 
enclosed in pycnidia (Smith, 1969; Robinson, 1978; Domsch et al., 1980; Carlile and 
Watkinson, 1994). Conidia of Geotrichum candidum are formed by fragmentation of 
hyphal branches (arthroconidia) (Smith, 1969; Robinson, 1978; Domsch et al., 1980). 
Arthroconidia are formed in long or short chains (Domsch et al., 1980). The shape of 
hyaline arthroconidia in Geotrichum candidum are cylindrical and not separated by empty 
hyphal portions (Smith, 1969; Robinson, 1978; Domsch et al., 1980). In addition, 
arthroconidia chains are ascendant and blastoconidia are absent (Smith, 1969; Robinson, 
1978; Domsch et aL, 1980). 
Geotrichum candidum is a well-known soil fungus used in many biotechnology 
processes (Jacobsen et aL, 1989; Phillips and Pretorius, 1991; Silhankova et aL, 1992a; 
Pan et aL, 1997). The genus Geotrichum was proposed by Link in 1809 (Carmichael, 
1957). Because of the world-wide distribution and varied habitats of Geotrichum 
candidum (Carmichael, 1957)，it has been used as an index of plant sanitation (Xu and 
Hang, 1989; Hang, 1990). Geotrichum candidum grows well on the surface of milk and 
cheese products, which is sometimes used to enhance the flavor of dairy products by the 
action of extracellular lipase (Jacobsen et aL, 1989; Carlile and Watkinson, 1994). 
However, Geotrichum candidum has been reported to cause food spoilage (Xu and Hang, 
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1989). Pathogenicity of the flingus in human is mainly present in the respiratory and 
gastro-intestinal tracts by the fungal spore (Carmichael, 1957). 
The most extensively studied topic of Geotrichum candidum is its fatty-acid-
specific lipases. There are two kinds of few known fatty-acid-specific lipases, namely, 
lipases A and B, produced by Geotrichum candidum (Jacobsen et al., 1989; Jacobsen et 
al', 1990; Baillargeon and Sonnet, 1991; Charton and Macrae, 1992; Shimada et al,, 
1992). Because of their specific catalytic properties toward the long chain fatty acids 
containing cis-9 double bonds and to introduce long chain fatty acids into triglycerides, 
the lipases are extensively studied as a catalyst to produce products which cannot be 
obtained by conventional chemical process (Baillargeon and Sonnet, 1991; Phillips and 
Pretorius, 1991). 
In addition to the lipases, many different industrial and clinical important enzymes 
are produced from Geotrichum candidum (Silhankova et al., 1992a; Silhankova et al., 
1992b), for example, glucose-6-phosphate dehydrogenase in glucose test kits, 
phosphoglucose isomerase tests and creatine phosphokinase assays etc. (Silhankova et 
al., 1992b). Geotrichum candidum also plays a role on wastewater treatment plant to 
remove toxic phenolic compounds before anaerobic digestion of molasses waste (Borja et 
al” 1993) and utilize lactic acid from sauerkraut processing waste effluent (Hang and 
Woodams, 1981; Hang and Woodams, 1990; Hang and Woodams, 1992). 
Degradation of azo dyes by Geotrichum candidum is not widely studied as its 
lipases. Kim et al (1995) first demonstrated the biodegradability of Geotrichum 
candidum Dec 1 on various dyes. Eighteen reactive, acidic and dispersive dyes were 
degraded by the fungus in both solid and liquid cultures. Geotrichum candidum Dec 1 
showed a high degradation ability on reactive blue 5, and about 12 g/1 of the dye was 
degraded without significant decline in the enzyme activity. Extracellular peroxidase 
activities are responsible for dye-decolorization. However, Andreoni et al (1995) stated 
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that Geotrichum candidum could dimerize different anilines except nitro anilines by an 
aniline oxidase and a peroxidase and produced azo bond. 
5.3 Effect of growth phase of Pseudomonas sp. K-1 on the dye adsorption 
capacity 
Dye RC increased as the incubation time of Pseudomonas sp. K-1 increased. 
Pseudomonas sp. K-1 is a Gram-negative bacterium. Gram-negative bacteria have 
specific outer membrane (cell wall) which is composed largely of lipopolysaccharides 
(Salton, 1964; Sokatch, 1969; Umbreit, 1975). The lipopolysaccharides consist of three 
parts: the backbone, the core and the side chain (Sokatch, 1969; Umbreit, 1975). The 
backbone is made up of lipid A, a 8-carbon acid (KDO: 2-keto-3-deoxyoctonic acid), 
some heptose phosphates and 0-phosphorylethanolamins (Umbreit, 1975). The backbone 
is essentially similar in most Gram-negative bacteria, the core differs a little from one to 
another and the side chain varies in detail with each bacterium (Sokatch, 1969; Umbreit, 
1975). The fatty acids associated with lipid A are lauric, myristic, hydroxymyristic and 
palmitic acids (Sokatch, 1969; Umbreit, 1975). The bacterial cell wall is full of 
nucleophilic groups such as 0 ' and OH' (Salton, 1964) which are potential substitution of 
a nucleophilic leaving group in the dye molecule (such as C1" in procion red MX-5B) 
(Rys and Zollinger, 1975). Therefore, it is not surprising that polysaccharides or 
polypeptides in the bacterial cell wall or exocellular polymer are the site for biosorption 
of procion red MX-5B. 
During the growth, bacteria produce new materials inside their protoplasms which 
are enclosed by rigid cell walls (Sokatch, 1969; Umbreit, 1975). In order to synthesis of 
more protoplasms, the cells must fmd a way to expand in cell walls, while still retaining 
the rigidity and mechanical strength. These cell constituents must be prepared and 
properly located somewhat synchronously (Sokatch, 1969; Umbreit, 1975). If a cell 
divides before it produces enough cell wall, it is unable to survive. 
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Bacterial growth is generally divided into 4 phases: lag, log, stationary and death 
phases (Sokatch, 1969; Umbreit, 1975; Singleton, 1992). In the lag phase, growth rate of 
bacterial cells is low. The slow growth may due to three reasons (Umbreit, 1975; 
Singleton, 1992). Firstly, the inoculum is taken from the stationary phase and transferred 
to the same medium. If the cells are taken from stationary phase, the slow growth is due 
to the cell division. While ifthe cells are come from the death phase, there is a lag in the 
synthesis of protoplasm. Secondly, the inoculum is transferred form the lag phase into 
richer medium. Under this circumstance, the growth rate continues for a time at the rate 
characteristic of the old medium and then increases to the rate characteristic of the new 
rich medium. Finally, if the cells are transferred into a poor medium, bacterial growth 
stop until enough new protein and enzymes are synthesized. As a result, no matter what 
the reason of lag phase, bacterial cells harvested from this phase are mainly the cells from 
the inoculum. 
The second growth phase in the bacterial growth curve is the log phase. Bacterial 
cells multiply by binary fission (Sokatch, 1969; Umbreit, 1975; Singleton, 1992). The 
generation time of the culture is controlled by several factors: nature of organism, 
temperature and rate of penetration of medium constituents (Umbreit, 1975). The 
doubling time is the time required for the bacterial culture to double its cell number or 
mass (Sokatch, 1969; Umbreit, 1975; Singleton, 1992). Bacterial cells in this growth 
phase utilize the carbon and energy sources to increase the cell number and cell wall 
synchronously to the cell division (Sokatch, 1969; Umbreit, 1975). 
In stationary phase, the increase of bacterial cell number or mass is stopped due to 
the exhaustion of nutrients such as glucose and other growth factors or the accumulation 
oftoxic products such as acids (Sokatch, 1969; Singleton, 1992). 
After the stationary phase is the death phase. The time for the culture remains 
fully viable in the stationary phase depends upon the toxicity and types of toxic 
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compounds in the medium. In death phase, the bacterial cells experience a great changes 
in metabolic activity (Umbreit, 1975; Singleton, 1992). One of the metabolic processes 
that stops dramatically is protein synthesis. Cell-free systems for protein synthesis 
prepared from the cells in the stationary phase are usually inactive. Furthermore, the 
amino acid pool increases in the stationary phase because amino acids are still transported 
but are not utilized for protein synthesis. The cease ofprotein synthesis is not due to the 
protein-synthesizing machinery loss its flinction, but rather because of there is no 
messenger RNA produced as the number of polysome decreased. Obviously, the most 
interest metabolic change in the present study is the bacterial cell wall in the stationary 
phase. In some cases, cell mass increased in the stationary phase without apparent 
changes in cell density. It was speculated that, the actual mass of bacterial cells are 
correlated to the continuous growth and death in the stationary phase, and these two 
processes proceed at the same time. The increase in cell mass is due to the accumulation 
of dead cells. Undoubtedly some cells grow and some cells die in stationary phase, the 
turnover of cell number only contribute a small part of the population, and the increase in 
cell mass is usually the result of accumulation of other materials, such as polysaccharides 
which are associated with each cell (Umbreit, 1975; Hu, 1992). If this is true, it supports 
and explains that adsorption sites of dye on Pseudomonas sp. K-1 are on the bacterial cell 
wall. Also, it provided the explanation on why dye RC increased after the stationary 
phase. It is because that dye RC increased with the amount of polysaccharides synthesis. 
Although it seems to be that the polysaccharides in the cell walls are the 
adsorption sites for dye, there may have other cellular materials present in the cell for dye 
adsorption. First, the cell mass of bacteria in stationary increases because of the increase 
in the amount of polysaccharides. In the other words, the dye RC should be unchanged or 
increased slightly from log phase to stationary phase. But the result in present study 
indicated that the change in dye RC of the bacteria was drastic in stationary phase. 
Second, if the polysaccharide in bacterial cell wall adsorbs the dye, there should be 
certain amount of dye adsorbed by the cells in log phase as increasing the cell mass. 
However, result in the present study indicated that no dye adsorbed by the cells in log 
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phase. Therefore, there were other components produced by the cell which had much 
higher adsorption capacity than that of polysaccharides ofthe cell wall. In addition, these 
components should only be produced in stationary phase. According to Hu (1992), many 
bacteria exert adsorption and autoflocculation, if the cells can produce exocellular 
polymers such as polysaccharides and some lipoprotein. However, these compounds are 
usually produced during stationary stage. Exopolysaccharides are primarily composed of 
carbohydrates such as D-glucose, D-galactose and D-mannose, and some organic and 
inorganic substitutes (Sutherland, 1990). Many or almost most microbial 
exopolysaccharides are polyanionic in nature (Sutherland, 1990) which further support 
that exopolysaccharides are most likely the site of adsorption on the cell wall. It is 
because the main reactive structures in the reactive dye molecules are cationic which 
completely fit to the polyanionic groups in the exopolysaccharides polymer. 
5.4 Effect of growth conditions (age of inoculum and agitation rate) of 
Pseudomonas sp. K-1 on the dye adsorption capacity 
5.4.1 Age of inoculum 
There are no different between the growth patterns from 24 and 36 h inocula 
under 200 rpm of shaking condition. Both of them reached the maximal cell density at 
time of 36 h. The inoculated culture was at the death phase at time 24 and 36 h (Figure 
28). So the different characteristics between the inocula should be little. In the other 
words, it is reasonable to obtain a similar growth curve from the similar inoculated 
culture. 
Similarly, the characteristic of inocula from 24 and 36 h at 100 rpm shaking 
conditions affected the growth curves of the new cultures. The inoculated culture 
incubated at 100 rpm showed a early log phase at 24 h and maximal growth at 36 h 
(stationary phase). Therefore, inocula from 24 h and 36 h cultures had a greater difference 
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to the new cultures. The culture with 24 h of inoculum from the inoculated culture had a 
maximal growth at 24 h, while the maximal growth delayed for the culture with inoculum 
from 36 h of inoculated culture. The reason of different growth pattems may due to the 
higher metabolic activity of bacterial cell at log phase than at stationary phase. So, cells 
from younger culture had a shorter lag phase and multiplied more rapidly than the old 
culture. Although younger inoculum culture had a shorter lag phase, adsorption ability of 
Pseudomonas sp. K-1 still performed only in the stationary phase. 
5.4.2 Agitation rate 
The increase in growth yield is simply because the better aeration in higher 
agitation rate, Pseudomonas sp. K-1 carries out respiration to obtain energy. Therefore, 
aeration of the culture increased energy production per carbon atom utilized and the 
growth of cell was faster (Umbreit, 1975). The importance of lipopolysaccharide and/or 
exopolysaccharides on the dye RC was discussed in Section 5.3. The amount of 
lipopolysaccharide and/or exopolysaccharides are correlated to the dye RC. Ifthe amount 
of cells increased in the culture by better aeration, energy used to accumulate 
lipopolysaccharides and produce exopolysaccharides on the cell surface would be used up 
to produce cell in log phase. Sutherland (1990) stated that exopolysaccharides synthesis 
was neither necessary nor desirable in a very high density of microbial culture. As a 
result, bacterial cells shaken at 200 rpm will lose the dye adsorption capacity, if the 
nutrient of the medium is unchanged. 
5.5 Preparation of Pseudomonas sp. K-1 for dye adsorption 
According to the above information on the effects of cell age, age of inoculum and 
agitation rate on the dye RC of Pseudomonas sp. K-1, the most favorable conditions for 
bacterial growth and dye RC in screening medium were: inoculum from 36 h of 
inoculated culture shaken at 100 rpm and incubated at 30°C in a shaker running at 100 
rpm for 36 h. 
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5.6 Removal capacity of adsorbents {Pseudomonas sp. K-1, activated carbon 
and fly ash) for different azo and non-azo dyes 
Pseudomonas sp. K-1 is a biosorbent. According to Section 5.3，the presence of 
lipopolysaccharides in the cell wall or exocellular layer may be the dye adsorption sites of 
Pseudomonas sp. K-1. They provide the nucleophilic and electrophilic groups to react 
with the dye in the form of dye+ and dye-SO3-, respectively (details in Section 1.10.1). 
There are also other bondings which can be formed between the bacterial cells and dye 
such as ionic bond between two opposite charged ions, hydrogen bond between H and N, 
0，F, C1, S or C and van der Waals force between the dipole atoms. Activated carbon and 
fly ash are similar chemical adsorbents in certain extend because of their thermally 
treated and oxides containing properties. Activated carbon contains lactones, cyclic 
peroxides and phenolic hydroxyl groups (McDougall and Fleming, 1987) and fly ash 
enriches with Al2O3, SiO2, CaO and MgO (Gupta et al., 1990; Banerjee et aL, 1995; 
Wong and Lai, 1996). The main difference of activated carbon to fly ash is that activated 
carbon has thousand times greater surface area than fly ash. Adsorption in activated 
carbon occurs because of the imbalance of forces upon the carbon atoms constituting the 
surface of the pore wall. Therefore, adsorption in activated carbon is primary performed 
by its large internal surface area and its pore-size distribution, while the surface oxides 
attribute a minor role (McDougall and Fleming, 1987). Although the surface oxides are 
not the main adsorptive sites, they impart the hydrophilic character to the predominantly 
hydrophobic carbon skeleton, which would account for the affinity that activated carbon 
shows towards many polar and non-polar organic and inorganic species (McDougall and 
Fleming, 1987). However, homopolar forces (as in ionic or covalent bonds) are also 
present in some cases. Since activated carbon is generally non-polar, it adsorbs organic 
compounds in preference to polar inorganic species. The adsorption between organic 
species and activated carbon is mainly due to simple mechanisms such as van der Waals 
forces and hydrogen bond. The mechanism of dye adsorption in activated carbon should 
not be confined by one or two forces. It is because that dye molecule contains both polar 
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and non-polar groups and many other substitutes that are also potential sites for 
adsorption. Fly ash does not like activated carbon which has a very large internal surface 
area. The adsorptive properties of fly ash are mainly due to the metal oxides, although 
intra-particle adsorption is also present (Singh and Rawat, 1994). 
The different adsorption mechanisms of the adsorbents are also demonstrated by 
their specific dye removal patterns. For Pseudomonas sp. K-1, 99% of dye was adsorbed 
within the first 15 min and the dye RC of bacterial cells increased very slightly or even 
became constant no matter how long the incubation time was. On the contrary, activated 
carbon and fly ash increased their dye RCs with increasing of the contact time. The 
increase of dye RCs with increase in contact time was more obvious in activated carbon 
than that in fly ash. These results indicated that different mechanisms of adsorption are 
performing by different adsorbents. For instance, for Pseudomonas sp. K-1, reactive sites 
are located on the cell surface which are the main components for biosorption, therefore, 
dye adsorbed onto the cell surface within a very short period of time. For activated 
carbon, the adsorptive process is carried out by the micro/macro-pore, therefore, dye is 
required to diffuse into the internal surface before adsorption taken place. Finally, for fly 
ash, the adsorption is proposed by the surface oxides and partly intra-particle diffusion, 
therefore, certain amount of dye molecules are adsorbed firstly and the remained dye 
molecules are adsorbed gradually through the diffusion to the intra-particle surface. 
According to the above proposed adsorptive mechanisms of Pseudomonas sp. K-
1，activated carbon and fly ash, the various performance of these adsorbents for different 
azo and non-azo dyes could be explained. Pseudomonas sp. K-1 had a higher dye RC 
than that of activated carbon, except remazol golden yellow G and remazol brilliant 
orange 3R, and fly ash had the lowest dye RC. It may due to the higher affinity of 
Pseudomonas sp. K-1 on those selected dye than activated carbon. Low dye RC of fly ash 
is due to the different physical and chemical properties of fly ash. Firstly, it did not have 
reactive sites like Pseudomonas sp. K-1 on the cell surface for adsorption, while it only 
contained some relatively stable metal oxides. Secondly, the surface area of fly ash was 
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much smaller than that of activated carbon. As a result, the adsorption ability of fly ash 
was the lowest among all the tested adsorbents. The adsorption priority ofthe adsorbents 
for different dyes provide a good evidence to prove that adsorption properties of 
Pseudomonas sp. K-1, activated carbon and fly ash are different. 
5.7 Effect of physico-chemical parameters (pH, agitation rate and 
temperature) on procion red MX-5B and remazol brilliant violet 5R 
removal capacities of different adsorbents 
5.7.1 pH 
The effect o fpH on dye RC should be considered into two parts: the adsorbents 
and the absorbates. Anions are favorably adsorbed on the surface of adsorbents at low pH 
because of the hydrogen ions, while cations are adsorbed better on the surface of 
adsorbents at high pH because of the hydroxyl ions (Singh and Rawat, 1994). Obviously, 
for some complicated absorbates and absorbents, the effects of pH on adsorption are not 
so simple. Pseudomonas sp. K-1 contains different functional groups on the cell surface 
which adsorbs the adsorbates at different pHs. For example, amino groups are 
electrophilic and hydroxyl groups are nucleophilic. The adsorptive mechanisms of 
activated carbon are performed by the imbalance energy on the internal surface and/or by 
the surface oxides. Therefore, if the dye adsorption of activated carbon is mainly due to 
the former mechanism then the effect of pH will be less significant. On the contrary, if 
the dye adsorption of activated carbon is carried out by the surface oxides, the effect of 
pH will be more profound. The changes of charges on the surface oxides at acidic and 
alkali pH are shown below (Singh and Rawat, 1994): 
MOH + H+ <•» M+ + H2O 
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MOH + OH- <•> MO- + H2O 
Effect o f p H on the dye adsorption by fly ash was similar to that ofactivated carbon since 
the surface of oxides are the major sites for dye adsorption. 
In Section 1.7.5, different reactive groups and binding mechanisms are reviewed. 
Reactive groups of procion red MX-5B and remazol brilliant violet 5R are mono-
chlorotriazine and vinylsulphone groups, respectively. Both dyes in the dyeing process on 
cellulose are favorable at mild to high pH condition and the covalent bond formed is 
irreversible. Other than the reactive groups, dye molecules compose ofwater-solubilising 
groups (SO3-)，chromogen, bridge link and substitutes. Therefore, it is believed that other 
binding mechanisms occur with the reactive groups. For example, the binding of sulphate 
groups (SO3-) with the chitinous polymer as mentioned in Section 1.10.1 would be 
happened. In the other words, dye molecules contain both electrophilic and nucleophilic 
groups which can be used for dye adsorption at various pH. Since the various binding 
sites on the dye molecules, it gives a good-fastness reactive dye to the fiber. 
Procion red MX-5B can be adsorbed at pH 4-9 by the bacterium. The results 
indicated that there are more than one types of adsorption mechanisms occurred between 
the bacterial cells and the dye. Under alkaline condition, Pseudomonas sp. K-1 adsorbed 
the dye via the electrophilic reactive group, while under acidic condition, the bacterial 
cells adsorbed the dye by the SO3' present in the dye molecules (details in Section 1.10.1). 
Adsorption of remazol brilliant violet 5R by Pseudomonas sp. K-1 was more susceptible 
to the change of pH than that of procion red MX-5B. These results may due to the 
different properties of reactive structures and the components of these dyes. Although the 
pKa values of the reaction groups are unknown, it is proposed that removal of C1" from a 
C atom should be easier than removing NaSO4' and H+ from the two C atoms (details in 
Section 1.7.5). Therefore, it is assumed that higher pH are required for the binding of 
remazol brilliant violet 5R to the bacterium successfully. In the other words, procion red 
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MX-5B can be adsorbed by the bacteria in a wider range of pH, while remazol brilliant 
violet 5R RC ofthe bacterium increased more dramatically at high pH. 
The adsorption performances of activated carbon on procion red MX-5B and 
remazol brilliant violet 5R were very similar at different pHs. The results are expected 
because that activated carbon has a low affinity for ions due to its energy induced 
adsorption mechanism (McDougall and Fleming, 1987). Although fly ash still had the 
lowest dye RC as compared to those of Pseudomonas sp. K-1 and activated carbon, the 
dye adsorption ability of fly ash was constant at all pHs. These results supported that dye 
molecule contains both negatively- and positively-charged groups so that dye can be 
adsorbed by the adsorbent even the charges of adsorbent change in acidic and alkaline 
pH. The low dye RC offly ash is due to its comparatively low number ofbinding sites on 
the adsorption surface. 
5.7.2 Agitation rate 
Agitation rate affected the dye RC of the bacterial cells because of the influence of 
contact area and diffusion rate. Obviously, the size of adsorbents and absorbates affect the 
contact area and diffusion rate. Therefore, under a situation where the sizes of adsorbent 
and adsorbate are unchanged, dye RC should increase with the increase of shaking rate 
until it reached a maximal level. The effect of agitation rate on dye RC of the bacterium 
was similar in procion red MX-5B and remazol brilliant violet 5R. It is because that even 
the dyes have different structures, the molecular weights of the dyes are similar. In 
addition, there was no significant change of dye RC of Pseudomonas sp. K-1 and fly ash 
at different shaking rates. It may due to the small size of the adsorbents. As a 
consequence, a relatively slow shaking rate was enough to increase the contact area 
between the dye and adsorbent. Also dye molecules were mainly adsorbed on the surface 
of the adsorbents. Therefore, diffusion rate is not a rate-limiting factor. For fly ash, 
although intra-particle diffusion was a rate-limiting step, change of dye RC was not 
obvious by the low adsorption ability. In the case of activated carbon, which was in 
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granular size and it would sink on the bottom as the agitation rate decreased. In the other 
words，a higher agitation rate was required in order to completely mix the activated 
carbon and dye. Moreover, internal surface adsorption is important for activated carbon 
and diffusion rate controls the removal of removal. So, increasing the agitation rate 
provides a more favorable environment for dye adsorption. 
5.7.3 Temperature 
Adsorption process is an exothermic reaction so adsorption decreases as 
temperature increases (McDougall and Fleming, 1987; Yadava et al., 1989; Viraraghavan 
and Rao, 1991; Viraraghavan and Dronamraju, 1993). But in the present study, there was 
no significant change ofdye RC at different temperatures especially for Pseudomonas sp. 
K-1, while there was slightly increase in dye RCs at 50�C for activated carbon and fly 
ash. The difference between of dye RCs of the present study and pervious studies 
(McDougall and Fleming, 1987; Yadava et al., 1989; Viraraghavan and Rao, 1991; 
Viraraghavan and Dronamraju, 1993) may due to the various experimental procedures. 
Cells ofPseudomonas sp. K-1 were added into the pre-heated/cooled flasks immediately 
after suspended in the buffer at room temperature. In the other words, the initial 
temperature of the pre-heated/cooled flasks would change, for example the temperature of 
pre-cooled dye solution would raise after adding the cell suspension into the flask. 
Therefore, if large amount of dye were adsorbed immediately after adding the cell 
suspension into the dye solution, then the results taken at different temperatures were 
actually come from a similar temperature. Since the adsorption rate was fast for 
Pseudomonas sp. K-1, therefore, the effect of temperature after the cell reached the 
treatment temperature was not obvious. In addition, as discussed in Section 1.7.5， 
covalent bonds were formed between dyes and nucleophilic groups. So if the dyes 
bounded irreversibly by the covalent bond on the bacterial cells, the effect of temperature 
on dye RC would not reset after temperature stabilized. 
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Effect oftemperature on dye RCs of activated carbon and fly ash are contradictory 
to the general adsorption hypothesis because adsorption increases as temperature 
increases (Gupta et al., 1988a). Singh and Rawat (1994) proposed that the adsorbate 
molecules might diffuse into the interior of the porous adsorbent. This intra-particle 
diffusion was the rate-limiting step and endothermic, thus increased the temperature 
would increase dye removal. As a consequence, if intra-particle difflision takes a main 
part on adsorption, the endothermic reaction may overcome the exothermic reaction. In 
the other words, the net effect of temperature on dye RC will be positive, i.e. dye RC 
increases as temperature increases. Although the experimental procedures provided a 
similar initial temperature to the adsorbents and dyes, activated carbon and fly ash are 
more susceptible than Pseudomonas sp. K-1 to the change of temperature during the 
incubation period. It is simply due to different adsorption equilibrium time for different 
adsorbents. For Pseudomonas sp. K-1, about 99% of dye was adsorbed within the first 15 
min, while for fly ash and activated carbon, the dye adsorption increased with the 
increase of contact time. Therefore, the effect of temperature on dye RCs of fly ash and 
activated carbon are more obvious than that of the bacterium. 
5.8 Effect of dye concentration on the removal capacity of procion red MX-
5B and remazol brilliant violet 5R of different adsorbents {Pseudomonas 
sp. K-1, activated carbon and fly ash) 
Dye RC of the adsorbents increases as the dye concentration increases. It is 
simply related to pseudo-first-order kinetics (Barr and Aust, 1994), thus adsorption 
equilibrium shifts to right as the concentration of reactants increases (Halliwell and 
Gutteridge, 1989). 
Reactants > Products 
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Contrary to the dye RC of the bacterium and activated carbon, dye RC of fly ash was 
constant or slightly decreased as the dye concentration increased beyond 50 mg/l. It is 
because that the reactive sites on the surface offly ash were already completely filled as 
the dye concentration reached to 50 mg/1. Therefore, further increase in dye concentration 
could not increase the dye RC of fly ash. The slightly decrease of dye RC of fly ash at 
extremely high dye concentration may due to the competition and repulsion of dye 
molecules with the same charges characters on the surface. 
Although dye RC increases with increasing dye concentration, the trends of 
increase are different for different adsorbents. For Pseudomonas sp. K-1, dye RC 
increased more rapidly at lower dye concentration. When the dye concentration was 
higher than 50 mg/1, the increase of dye RC was more slowly. It might due to that most of 
the reactive sites of the bacterial cells were nearly saturated by the dyes as the 
concentration greater than 50 mg/1. As a result, the increase of dye RC was proportional 
to the dye concentration at lower dye concentration. In the presence of higher 
concentration of dye, further increase in dye concentration only slightly increased dye RC 
of the bacterial cells. For activated carbon, the increase of dye RC was proportional to the 
increase of dye concentration upto 75 mg/1. This result implied that the saturation of all 
reactive sites of activated carbon was in the presence of 75 mg/1 of dye. 
Modeling of adsorption equilibrium is usually conducted by applying either the 
Langmuir or the Freundlich equation (Diamadopoulos et al., 1993). Both adsorption 
isotherms are for the models of monolayer adsorption (Lin, 1993a). Langmuir isotherm is 
valid for monolayer sorption on to a surface containing a finite number of identical sites. 
The model assumes uniform energies of sorption on to the surface and no transmigration 
of sorbate in the plane of the surface. The Langmuir expression is represented by the 
equation below: 
Ce K Ce 
— z = 一 + — 
Qe Qo Qo 
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where K and Q, are the equilibrium constant and the adsorption maximum, respectively. 
Ce and Qe are the equilibrium concentration and the amount of adsorbate adsorbed at 
equilibrium, respectively. The Freundlich equation is used for the heterogeneous surface 
energies in which the energy term in the Langmuir equation varies as a function of the 
surface coverage strictly as a result of variation in the heat ofadsorption. Following is the 
Freundlich equation: 
Qe = K f C : n 
where: 
Qe = amount of adsorbate per unit mass of sorbent 
Kf = sorption capacity 
1/n = indicator of adsorption intensity 
Cg = equilibrium concentration 
This equation can be modified as: 
Co - Ce 1, 
Qe = x/U 二 = KfC: 
M 
where: 
X = amount adsorbed 
C � = initial concentration 
Cg = equilibrium concentration 
M = amount of adsorbent 
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A logarithmic plot linearizes the equation and enabling the exponent n and the constant 
Kfto be determined: 
log CJe = logKf+ 1/n log C, 
where Q ,^ Kf, 1/n and C^  are the amount of adsorbate adsorbed per unit mass of sorbent, 
sorption capacity, indicator of adsorption intensity and equilibrium concentration, 
respectively. Usually, when the value of 1/n ofthe adsorbent is small, for example 0.1-
0.5，it belongs to the category of easy adsorbent, on the other hand, ifthe value of 1/n of 
the adsorbent is over 2.0, it is considered as difficult in adsorption (Hu, 1992). 
In the present study, Freundlich equation was used to determine the adsorption 
isotherm of the adsorbents and dyes because of the heterogeneous surface energies ofthe 
adsorbents. Bell and Tsezos (1987) stated that adsorption in biological system had 
frequently been represented by the Freundlich equation. Both Pseudomonas sp. K-1 and 
activated carbon fitted the Freundlich equation, R? values were from 0.95 to 0.987 and 
1/n values were from 0.315 to 0.888. According to the R" and 1/n values of these 
adsorbents, both of them fit into monolayer adsorption and are good adsorbents for the 
dyes. For fly ash, R? and 1/n values of the best fit line of Freundlich equation were 0.949 
and 0.13 on procion red MX-5B and 0.816 and 0.26 on remazol brilliant violet 5R, 
respectively. These results suggested that although fly ash fitted into the Freundlich 
equation, the 1/n values were lowest. Therefore, fly ash was a poor adsorbent as 
compared with the other adsorbents. Mechanism(s) other than monolayer adsorption may 
be involved in removal of dye by fly ash. 
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5.9 Optimization ofgrowth yield and dye removal capacity of Pseudomonas 
sp. K-1 
5.9.1 Effect of agitation rate and nutrient contents on the growth yield of 
Pseudomonas sp. K-1 
In Section 5.4.2, the effect of agitation rate on the growth yield of bacterial cells 
was discussed. Cell yield almost doubled as the shaking rate increased from 100 rpm to 
200 rpm, but the bacterial cells lost dye adsorption ability. Therefore, optimization to 
increase the cell yield and at the same time to maintain the dye adsorption ability was 
attempted. Pseudomonas sp. K-1 grown on the SM plate provided a hint to solve the 
above problem. It is interesting to note that single colony grown on the agar plate stained 
by the dye more rapidly and efficiently than many colonies grown on the agar plate at the 
same time of incubation (Figure 84). The difference between the bacterial cells grown in 
solitary and aggregated state are the average supply of nutrient per cell. In order to 
determine whether the supply of nutrients affects the adsorption ability of the bacterium, 
increasing amount of various nutrients were added into the cell culture. Yeast extract is an 
organic nutrient which provides nitrogen source and vitamins, etc. for microbial growth 
(Umbreit, 1975). Sometimes yeast extract is added into the microbial culture as a 
stimulant for growth (Umbreit, 1975). Only 0.05% of yeast extract is enough to support 
the growth of bacterial cells and reach the cell density of Ajgo,,^  to about 0.2 (Umbreit, 
1975). Therefore, growth yield of bacterial cells increased as the concentration of yeast 
extract increased. Since yeast extract provided nitrogen sources to increase the cell yield, 
but not the amount of polysaccharides and/or exopolysaccharides, so dye adsorption by 
the bacterial cells did not increase. FeSO4, MgSO4 and CaSO4 are the trace elements 
added into the culture (Umbreit, 1975; Singleton, 1992). These trace elements promote 
the cell growth, but they are not the energy sources. As a consequence, in excess of trace 
element, the cell density and removal capacity of the bacterial cultures remained the same 
as the original SM shaken at 200 rpm. Sodium chloride tends to increase the salinity of 
culture medium (Umbreit, 1975; Singleton, 1992). The function ofNaCl is to assist the 
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Figure 84. Pseudomonas sp. K-1 in screening medium plate with 50 mg/1 of procion 
red MX-5B 
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synthesis of protoplast and so promotes the cell growth (Umbreit, 1975). In lag phase, 
NaCl is thought to be toxic because the cell synthesized protoplast without the forming 
enough cell wall, while the toxicity of NaCl will gradually be reduced or eliminated 
(Umbreit，1975). In the present study, 5 times amount of NaCl reduced the growth of 
bacterial cells and increased the time of lag phase. Log phase ofthe bacterial culture was 
started after 24 h. This result showed that NaCl was not the nutrient required to produce 
polysaccharides. Only the cells grown in 5 times amount of glucose at 200 rpm had the 
dye adsorption ability on procion red MX-5B. These results indicated that the importance 
of glucose on the production of polysaccharides and the adsorption of Pseudomonas sp. 
K-1. Glucose is the most common energy source used by the bacterium, and it is one of 
the major components in exopolysaccharides polymer. Pseudomonas sp. K-1 grown in 
this culture obtained more energy and precursors to cell growth and synthesis of 
polysaccharide in both cell wall and exocellular polymer. 
5.9.2 Effect of glucose concentration on the growth yield and dye removal 
capacity of Pseudomonas sp. K-1 
Because the importance of glucose on the growth yield and dye adsorption 
capacity of Pseudomonas sp. K-1, effect of glucose concentration on Pseudomonas sp. K-
1 was studied. Optimized conditions could only occur at certain level of glucose. 
Bacterial cells grown at low concentration of glucose cannot get enough energy source to 
produce polysaccharides. On the contrary, in the presence of high concentration of 
glucose, organic acid produced by glucose metabolism will acidify the culture medium 
rapidly. In the present study, growth yields of the bacterial cultures were similar at 
different concentrations of glucose, because 1 mg/ml of glucose was enough to maximize 
the cell density under the experimental condition. The dye RC increased significantly at 
2.5 mg/ml of glucose. This result indicated that 2.5 mg/ml of glucose was in excess to 
maximize the cell density and the excess glucose was used to produce and accumulate 
polysaccharide for dye adsorption. In addition, further increase in glucose concentration 
to 10 mg/ml did not increase the bacterial growth or dye RC. 
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5.9.3 Effect of volume of inoculum from 2.5 mg/1 of glucose screening 
culture on procion red MX-5B removal capacity ofPseudomonas sp. 
K-1 
The purposes of optimization are to shorten the incubation time and at the same 
time to increase the dye RC of Pseudomonas sp. K-1. In Section 5.4, the effect of age of 
cell inoculum on the growth of bacterial cells was discussed. It seems that younger 
culture had a shorter lag phase. In Section 5.9.1，the importance ofglucose on the growth 
yield and adsorption capacity of bacterial cells were considered. Since the inoculum 
culture was from a culture oflower concentration of glucose (1 mg/1), therefore, there was 
a lag when this inoculum was transferred to the culture with higher glucose concentration 
(5 mg/1). Inoculated culture grown in 5 mg/1 of glucose was used in order to avoid the 
long lag phase during the preparation of bacterial cells. In addition, inoculated culture at 
21 h was used instead of 36 h in the pervious study. It was assumed that bacterial cells 
grown in richer medium with good aeration had a shorter lag phase and better growth in 
log phase. Therefore, 21 h of inoculated culture should contain enough amount of cells at 
log stage. Different volumes of inocula were transferred into the new cultures. It was 
proposed that increase the cell concentration in the medium can enhance the growth and 
shorten the lag phase. The results of present study confirmed this assumption. The total 
time used to grow bacterial cells for dye adsorption was shortened. Before the 
optimization, 36 h was required to prepare the inoculum and another 36 h were required 
to prepare the cell mass for dye adsorption. While under the optimized conditions, only 
21 h was required to grow the inoculum and then another 24 h more was used to prepare 
the cell mass for dye adsorption. These results suggested that rich medium, young cell 
culture and more cells in the inoculum could shorten the time for the bacterial culture to 
reach the stationary phase. Dye RC was the lowest (1.43 mg/g) with 10 ml of inoculum. It 
was simply because that a longer time was required for the bacterial culture to reach the 
stationary phase. Therefore, bacterial cells transferred from culture of 24 h of incubation 
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may be still in log phase in which no accumulation of polysaccharide or production of 
exopolysaccharides occurred. The dye RC was still lower (4.83 mg/g) then the original 
dye RC (8.0 mg/g) with 20 ml of inoculum, but it was higher than that with 10 ml 
inoculum. Dye RC with 40 ml of inoculum showed the highest value (16.23 mg/g). These 
results supported that higher inoculum volume could shorten the time of the culture to 
reach the stationary phase. 
5.10 Study on the surface structure of adsorbents {Pseudomonas sp. K-1, 
activated carbon and fly ash) by scanning electron microscopy 
5.10.1 Pseudomonas sp. K-1 
The purpose of examining the cell surface structure of Pseudomonas sp. K-1 was 
to indicate the tiny size of the bacterium and at the same time obtain more basic 
information on the isolated bacterium. The bacterium was in rod shape without flagella or 
cilia present on the smooth bacterial surface. The average body size was about 5 ^m. It is 
the general characteristics of Pseudomonas sp. 
5.10.2 Activated carbon 
In Section 1.9.1, the extended internal surface area and pores of activated carbon 
are always considered as the main sites for dye adsorption. From the scanning electron 
micrograph, the rough surface of activated carbon with many mini channels was showed. 
5.10.3 Fly ash 
The spherical shape and smooth surface of fly ash made it like a marble. 
Therefore, intemal surface adsorption was comparatively lower than that of the activated 
carbon. 
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5.11 Effect oftemperature on the growth ofGeotrichum candidum CU-1 on 
complete medium plate 
The diameter of growth zone of Geotrichum candidum CU-1 mycelia increased 
from 25 to 30�C and then decreased from 35 to 37�C. At 44.5�C, the growth of mycelia 
completely stopped. Geotrichum candidum CU-1 mycelia exerted a maximal growth at 
30°C. These results are similar to those reported previously (Jacobsen et aL, 1990; Hang 
and Woodams, 1992; Kim et al., 1995). 
5.12 Effect of agitation rate on the growth of Geotrichum candidum CU-1 in 
complete medium 
Agitation will increase the oxygen content in the culture and at the same time 
increase the diffusion rate of nutrients into the fungal cells. Fungi are aerobic 
microorganisms, they can only grow under aerobic conditions In static culture, fungal 
mycelia can only grow on the surface of liquid or solid medium because of the very low 
level of oxygen in the culture medium. Fungal mycelia in shaking culture can grow in the 
liquid medium. As a result, it is obvious that the growth rate and mass of mycelia should 
be lower in static culture than that in the shaking culture after 3 days of incubation. The 
mass of mycelia increased with the increase of shaking rate due to higher oxygen level 
and nutrient diffusion. However, there was a reduction in the size of fungal mycelial balls 
under higher shaking condition. It is interesting to note that fungal mycelia grown in 
static culture for 6 days had similar cell mass as that grown under shaking condition for 3 
days. These results may due to the different density of mycelia formed under shaking and 
static conditions. In static culture, the mycelia grew on the surface of the liquid medium 
and the mycelia packed tightly, while under shaking condition mycelial balls were 
loosely packed. In the present study, fungal culture grown under shaking condition was 
used to produce fungal biomass. 
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5.13 Effect ofage of Geotrichum candidum CU-1 culture on the dye removal 
efficiency of procion red MX-5B 
Dye RE refers to the total percentage of dye decreased in the dye solution 
containing fungal mycelia in a fixed period of time. Therefore, all mechanisms, for 
instance, biosorption and biodegradation of the fungal culture which decrease the amount 
ofdye in the solution, were counted. In the study on Pseudomonas sp. K-1, dye removal 
capacity (RC) was used instead of RE. It is because that the cell mass and activity of 
Pseudomonas sp. K-1 were assumed to be unchanged under nutrient deficient conditions. 
Therefore, fixed amount of cells can be obtained to calculate the dye RC. On the contrary, 
dye removal by Geotrichum candidum CU-1 was performed in nutrient medium to keep 
the fungus active for biodegradation. So fungal mycelia mass and activity were always 
changed at different time and dye RC was not a suitable parameters used for calculation. 
Dye RE of Geotrichum candidum CU-1 in the growing culture decreased as the 
time of incubation increased. In the other words, removal capacity of the fungus was 
inversely proportional to the age of cell culture. These may due to several reasons. First 
of all, fungal metabolic activities decreased by aging. Result in the present study 
indicated that the fungal mycelial mass increased initially, but decreased gradually after 4 
days of incubation. These results indirectly indicated the decline in fungal activity during 
the incubation time. When the fungal mycelia become older, fungal metabolic activities 
decreased and the growth rate became slower. The decrease in fungal biomass after 4 
days of incubation was because of the autolysis of fungal mycelia in the old culture (Kim 
et al., 1995). Similar to Pseudomonas sp. K-1, the change of adsorption structure and 
component during the incubation period may also be a reason to explain the decline of 
dye RE of the fungus. But in this case, the effects of cell aging on bacterial and fungal 
dye removal capacities were opposite. 
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Another reason that may cause the decrease in dye RE is the adverse conditions 
created by the fungus in older culture. pH of the culture recorded in the study showed that 
pH was changing during the incubation period. The change of pH before 4 day of 
incubation may due to the production of organic acid by the fungus, while the increase in 
alkalinity at Day 6 and 9 may due to the consumption oforganic acid by the fungus itself. 
At pH 4.0，maximal dye RE of the fungal mycelia was shown, while the dye RE 
decreased with increasing the alkalinity of culture. 
Nutrient supply may also be a reason that affect the dye RE of the fungus. 
Nutrient supply affects the fungal activity by decreasing the energy source and other 
growth elements. As discussed above, decreasing the activity of the fungus may be a 
reason of decreasing the dye removal capacity. Beside that, it will also influence the 
growth yield of the fungus. In the other words, the change of fungal biomass may be due 
to the depletion of nutrient rather than the decrease of fungal activity by aging. The 
difference between the effects of nutrient and the fungal aging on the growth of fungus 
can be examined by replacing the old medium to new one. If the fungal growth was 
stopped due to the depletion of nutrient, then fUngal growth will increased dramatically 
by refreshing the culture. On the contrary, if the growth of fungus was comparatively 
slow, then the decrease in fungal biomass was mainly due to the cell. Nutrient contents in 
the medium do not only affect the fungal activity, at the same time, they may influence 
the production and^or function of dye-degrading enzymes by the presence of enzyme 
inducers or stimulators that may or may not be essential for fungal growth. Therefore, 
depletion of these substances may affect the dye removal capacity of the fungus. 
5.14 Removal efficiency of Geotrichum candidum CU-1 for different azo 
and non-azo dyes 
Geotrichum candidum CU-1 removed 90% of different azo and non-azo dyes, 
except procion golden yellow G, in liquid medium after 24 h of incubation. Procion red 
MX-5B in autoclaved fungal culture was removed less efficient than that in living culture. 
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According to the result, Geotrichum candidum CU-1 has a good ability to remove dye by 
biosorption and/or biodegradation in a relatively short period of time. Kim et al (1995) 
stated that Geotrichum candidum Dec 1 showed a broad dye spectrum of decolorization. 
The remazol golden yellow G RE by the fungus was the lowest. This may due to the 
lowest EC50 value in the Microtox® test among the other selected dyes (details in Section 
5.19). In the other words, remazol golden yellow G may exert inhibition or alternation to 
the dye RE of Geotrichum candidum CU-1. The autoclaved fongal mycelial culture 
removed smaller amount of dye than the living fungal mycelia. It is simply because no 
biodegradation occurred in the autoclaved culture. As compared to the dye RE of the 
autoclaved and living fungal mycelia tested under anaerobic condition, the dye RE was 
higher in the former treatment. It is because that proteins on the cell membrane of 
autoclaved mycelia may be denatured by the heat treatment in which dye molecules are 
allowed to enter the cell and increased the adsorption. 
5.15 Effect of physico-chemical parameters (pH, agitation rate and 
temperature) on procion red MX-5B removal efficiency of 
Geotrichum candidum CU-1 under aerobic and anaerobic conditions 
5.15.1 pH 
It is an important task to study the effect of pH, agitation and temperature on the 
dye RE of Geotrichum candidum CU-1. Changes of pH exert a greater effect on the dye 
removal capacity of the fongus. It may due to the chemical changes of surface charge at 
different pHs. Since binding of dyes or other pollutants on the biosorbent are mainly due 
to the surface charge. Moreover, pH will also affect the growth, production and function 
of degrading enzymes of the fungus. The effects of pH on dye removal capacity of the 
fungus were performed under aerobic and anaerobic conditions. The purpose of studying 
the dye RE of the fungus under both aerobic and anaerobic conditions was to determine 
whether the change of dye removal capacity of the fungus was due to biosorption or 
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biodegradation. Since the fungus exert both biosorption and biodegradation under aerobic 
condition, while only biosorption occurred under anaerobic condition. Moreover, Kim et 
“/. (1995) reported that the dye was degraded by the peroxidases of Geotrichum 
candidum Dec-1. Peroxidase is an enzyme which oxidizes the substrates in the presence 
of oxygen, so dye biodegradation by this fungal enzyme does not functioned under 
anaerobic condition. In the present study the importance of oxygen in biodegradation is 
proved. By comparing the results under aerobic and anaerobic conditions, the effect ofpH 
on biosorption and biodegradation of dye are more easily understood. 
Geotrichum candidum CU-1 can grow within a wide range (2.0-8.5) ofpH (Hang, 
1990) and excellent growth was observed in the medium with pH 4 to 7. (Kim et al., 
1995). However, Boija et al. (1993) reported that pH of 4.9 was optimal for the growth of 
Geotrichum candidum Dec-1. In the present study, Geotrichum candidum CU-1 preferred 
to grow in acidic medium. Dye RE of the fungus was the highest at lower pH. It was 
because that the metabolic activity of the fungus was higher under acidic condition. 
However, enzymes such as lipase and lactate dehydrogenase in Geotrichum candidum 
have optimal enzyme activity at pH 7-8 (Jacobsen et al., 1989; Phillips and Pretorius, 
1991，Hang and Woodams, 1992), demonstrated that the optimal pH for the fungal 
growth may not be the optimal pH for the enzymatic activities. In the present study, the 
dye RE of the fungus at pH 6 increased more slowly than at more acidic condition. It may 
due to the reduction in metabolic rate and enzyme activity at this pH, but the effect was 
not drastic and thus, biodegradation of dye was still observed. In neutral to alkaline pH, 
there were almost no dye biodegradation occurred. The dye REs of the fungus at those 
pHs under aerobic condition were similar to that under anaerobic condition. This can be 
explained by the adverse condition (i.e. extreme pH) for fungal growth. As a consequence 
the metabolic activity and enzyme activity decreased. This result also indicated that there 
were little or no change of pH carried out by the fungus in the buffer solution. As a result, 
dye degradation was not obvious even after 24 h of incubation. 
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Dye REs of Geotrichum candidum CU-1 under anaerobic condition at different 
pHs were remained almost the same after 1 h of incubation. This result indicated that 
there was no other mechanism beside the biosorption to remove the dye under anaerobic 
condition. Dye adsorption by fungal mycelia occurred within a relatively short period of 
time (i.e. 1 h) and after the dye saturated on binding sites of the fungal mycelia, there was 
no further adsorption occurred (Cripps et al., 1990). Geotrichum candidum CU-1 at pH 4 
and 5 had the highest dye RE followed by the treatments at pH 6，and lowest at pH 7 to 9. 
Chitinous polymers, chitin and chitosan, are the most abundant wall components of 
fungal cell wall (details in Section 1.10.1). Effect of pH on chitinous polymer will be 
discussed as a model for fungal adsorption in the following. The structure of chitin is 
similar to cellulose and thus it is expected that the binding mechanism of dye to chitin 
should be similar to those of other biological polymers such as cotton (Brahimi-Hom et 
a/., 1992; Roberts, 1992). However, nucleophilic group (-OH) present in the chitinous 
polymer should not be the only adsorption group. The difference between cellulose and 
chitinous polymer is the substitution of one hydroxyl group by acetoamido or amino 
group. Amount of -OH groups will be less, but the electrophilic (cationic) groups (C=0) 
and (-NH-) will be more in chitinous polymers. Because of the change in substitution 
groups, the effect of pH on fungal adsorption will be completely altered. The pK value of 
chitosan is 6.3 (Holland, 1989). Typical pK values for -COOH and NH3 groups are: 
-COOH <"> -COO- + H+ pK 2-4 
-NH3+ 0 -NH2 + H+ pK 6.5-9 
Therefore, at pH > 6.5，the positively charged dye molecules (details in Section 1.7.5) 
repel the positively charged protonated amino groups of chitosan. The result is poor dye 
adsorption. Below pH 6.0, the protonated amino groups increased in acidic condition 
which adsorbed the dye molecules in the form of dye-SO3" rather than dye+ (details in 
209 
Section 1.10.1). According to the model of chitosan, the effect ofpH on the dye RE ofthe 
fUngus under anaerobic condition can be explained. Although both adsorption and 
biodegradation are favorable in acidic solution, they may not essentially have any 
relationship between each other. 
5.15.2 Agitation rate 
� Agitation rate increased the oxygen content in the medium. Because the 
degradation of dye by peroxidases required oxygen, the dye degradation rate increased as 
agitation rate increased (Glenn and Gold, 1983). As compare to the dye RE ofthe fUngus 
under aerobic and anaerobic conditions, results in the present study supported that oxygen 
is essential for the dye degradation. Similarly, under static condition, the dye RE under 
aerobic and anaerobic conditions were similar. It is because that under these conditions, 
the oxygen content in both cultures were the same. As the agitation rate increased, the 
difference in dye RE between the fungal culture under aerobic and anaerobic conditions 
became much more larger. It is simply because that under anaerobic condition no matter 
how high the shaking rate was, the oxygen content in the medium was deficient. On the 
contrary, under aerobic condition the amount of oxygen in the medium increased by 
increasing the agitation rate. 
Other than the oxygen content, high agitation rate also increased the contact area 
and diffusion rate of dye to the fungus for biosorption and biodegradation. As a result, 
dye RE under both aerobic and anaerobic conditions increased as the shaking rate 
increased. Further increase in agitation rate to 300 rpm showed no difference in dye RE of 
the fungus. It is because of the biosorption and biodegradation capacity reached the 
maximum in the culture shaken at 200 rpm. 
5.15.3 Temperature 
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Effects of temperature on the dye RE of the fungus under aerobic and anaerobic 
conditions were different. Under aerobic condition, both biodegradation and biosorption 
occurred and Geotrichum candidum CU-1 removed more amount of the dye at 20 and 
30°C, while under anaerobic condition, only adsorption functioned and the fungus 
removed more amount of the dye at 10 and 40°C. The different temperature effects may 
due to the different mechanisms carried out by the fungus under aerobic and anaerobic 
conditions. Biodegradation is carried out more rapidly under favorable conditions for 
enzymatic activity. Generally, the optimal temperature was around 20-30"C (Kim et al., 
1995). Under aerobic condition, biodegradation contributes more on the removal of dye 
than that of biosorption by the fungus. As a result, dye RE of the fungus at these 
temperatures were higher. Under anaerobic condition, biosorption was the major 
mechanism for the fungus to remove the dye. Adsorption is an exothermic reaction and 
dye RE of the fungus increased as the temperature decreased. Therefore, higher dye RE of 
the fungus was obtained at 10°C and the dye RE of the fungus increased at lower 
temperature. However, in the present study, dye RE of the fungus at 40�C was similar to 
that at 10°C. The reason of similar dye RE of the fungus at these two temperatures may 
due to the increase in permeability of dye into the fungal mycelia at higher temperature. 
At 40�C，some proteins will be denatured and proteins are one of the major components in 
the cell membrane. Therefore, the increase in dye RE of the fungus may due to the 
alteration of cell membrane permeability. This result was further supported by comparing 
the dye RE of the heat-treated autoclaved and living fungal mycelia under anaerobic 
condition. The result indicated that 70% of dye was removed by the heat-treated fungal 
mycelia (Figure 50), while only 40% of dye was removed by the living fungal mycelia 
(Figure 61b). 
Even the activity of the fungal enzyme was reduced at low (10�C) and high (40�C) 
temperatures, the fungus still removed the dye to about 80% under aerobic conditions (the 
dye REs at 10 and 40°C under anaerobic condition were 60%). The high REs in these 
temperatures were mainly due to initial degradation in which the enzyme activity of the 
fungal culture was still not significantly affected by the low and high temperatures. 
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Therefore, there were different patterns of dye removal by the fungus at 20-30�C, and 10 
and 40°C. The dye RE increased at 20 and 30�C during the time of incubation, while the 
dye RE at 10 and 40�C remained almost the same throughout the incubation period. These 
results indicated that enzyme activity of the fungal culture at 10 and 40�C were lower 
than those at 20 and 30°C (Muzzarelli, 1977; Roberts, 1992). Similarly, there was almost 
no change in dye RE of the fungus under anaerobic condition. It was because that 
biosorption was conducted and finished in a shorter period oftime. 
5.16 Effect of glucose concentration on procion red MX-5B removal 
efficiency of Geotrichum candidum CU-1 
Geotrichum candidum CU-1 showed a good procion red MX-5B RE in the 
complete medium. Almost 100% of dye was removed by the fungus within 8 h of 
incubation. Complete medium is a rich medium that contains high content ofnutrients for 
fungal growth, but the cost of complete medium is also high. Therefore, it is important to 
study that whether the fungus grown in medium with low nutrient content could still 
effectively remove the dye in order to minimize the cost of culture medium. In the present 
study, glucose was selected as a carbon source because it is relatively inexpensive and 
supply is constant (Silhankova et al., 1992b). In addition, it was reported that 
Phanerochaete chrysosporium, a white rot fungus which produces peroxidases to degrade 
azo dye (see more details in Section 1.7), showed better biodegradation capacity under 
nutrient limiting, especially, nitrogen limiting condition (Glenn and Gold, 1983; Valli et 
al., 1992; Ollikka et al., 1993). Thus, in the present study, experiment was conducted to 
study whether the dye RE of Geotrichum candidum CU-1 could be increased under 
nitrogen limiting condition. In the pervious experiment, the fungal mycelia showed the 
best dye RE in acidic pH, so buffer at pH 5 was used in this experiment. Although the 
fungus at pH 4 also showed a good dye RE, to avoid too acidic condition to the culture 
after production of organic acid by the fungus during growth, extreme acidic condition 
was not used. 
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Glucose had a positive effect on the dye RE of the fungus. The fungus could 
remove about 90% of dye without the addition of glucose, but the color of the fungal 
mycelia in this culture was deeper than those with glucose added (Figure 58). Moreover, 
the supematants were completely clear in the culture with the addition of glucose; while 
the color of the supernatant was orange in the culture without the addition of glucose. 
These results suggested that fungal mycelia could degrade the dye without glucose, but 
the capacity and rate of dye removal of the fungus were comparatively low. However, the 
importance of glucose on the biodegradation of dye by this fungus should not be 
overlooked. 
5.17 Effect of pH on procion red MX-5B removal efficiency ofGeotrichum 
candidum CU-1 with the addition of glucose 
In Section 5.13 the increase in dye RE in the presence of glucose was studied. In 
the present experiment, the addition of carbon source can minimize the effect ofalkalinity 
on the decrease of dye removal by the fungus. During the application of reactive dye, the 
dyeing process is always slightly alkaline. It is because that reactive sties in the reactive 
dye are exposed and functioned under alkaline condition (more detail information in 
Section 1.7.5). Thus, the residual dye in the dye containing wastewater is also alkaline. If 
the fungus cannot functioned well under this condition, then no matter how powerful the 
fungus is，the dye removal process will never be success. Results in the present study 
indicated that Geotrichum candidum CU-1 in glucose culture removed almost 100% of 
dye in all pHs after 24 h of incubation. It is expected that the dye RE of the fungus is still 
higher in acidic pH with the addition of glucose because of the favorable growth 
conditions. But it is unexpected that the fungus could also remove the dye under alkaline 
condition. 
There are two important points can be concluded from the results obtained from 
the present study. First, the fungus was still alive and carried out some metabolic 
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activities under alkaline condition, but the activities ofdye-degrading enzymes were very 
slow. The slow dye degradation by the fungus under alkaline condition may due to two 
reasons: no dye-degrading enzymes production or unfavorable conditions for the function 
ofthe dye-degrading enzyme under alkaline pH. 
Second, addition of glucose can remediate the adverse conditions for the dye 
degradation. In the present study, the adverse condition was extreme pH. By comparing 
the change of final pH in the cultures with and without glucose (Table 19), decrease of 
pH in alkaline condition was comparatively larger in the presence of glucose than that 
without glucose, i.e. addition of glucose reduced the alkalinity of fungal culture. There 
were three phases of dye removal by the fungus at alkaline condition with the addition of 
glucose. In the first phase, within 1 h of incubation, about 30% of dye was removed and 
the removal rate was the highest. This phase was mainly due to adsorption by the fungal 
mycelia. In the second phase, from 1 to 6 h of incubation, the rate of dye removal was 
slow. It was because that less dye could be adsorbed by the fungus, while the dye 
degradation was inhibited by the alkaline pH. Therefore, removal of dye by the fungus 
was minimum. In the third phase, from 6 h to 24 h of incubation, the dye degradation rate 
of the fungus raised again, but the dye removal rate of the fungus was still lower than that 
of the first phase. The increase in dye degradation in this phase was due to the 
modification ofpH to a lower values by glucose metabolism. As a result, more amount of 
the dye could be adsorbed and degraded by the fungus in the presence of glucose. As 
compare to the dye RE of the ftingus under anaerobic condition, biodegradation exerted 
greater effect than the biosorption in the third phase. It is because that at alkaline pH, pH 
dropped to about 6.5 in which almost 15% of dye was adsorbed, the change between the 
dye RE from pH 9 to 6.5 under anaerobic condition was only 5%, but the change of dye 
RE under anaerobic conditions was 70%. These results indicated that biodegradation was 
enhanced by the glucose addition. 
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5.18 Effect of procion red MX-5B concentration on the dye removal 
efficiency ofGeotrichum candidum CU-1 under aerobic and anaerobic 
conditions 
The powerful dye degradation capacity of Geotrichum candidum CU-1 was 
demonstrated on procion red MX-5B. Almost 100% of dye (50 to 1,000 mg/1) was 
removed after 24 h of incubation. The dye RC at 1,000 mg/1, which was calculated by the 
RC Equation (1) in Section 3.2 using the initial cell mass as dry weight, was 250 mg/g. 
Although the dye RC by Pseudomonas sp. K-1 at 1000 mg/1 of dye was unknown, it is 
assumed that dye RC of Geotrichum candidum CU-1 was hundred times more than that 
of the bacterium (Section 5.8). These results supported that very high dye concentration 
will not alter the dye degradation process and at the same time there was no toxic effect 
on the ftmgus since the dye-degrading activity was unchanged. The reason of powerflil 
dye degrading capacity of the fungus may due to the non-toxic character ofthe dye to the 
fungus or the dye was prevented to enter the protoplasm of the fungus. In addition, the 
amount of dyes entered the fungal cells were reduced by the presence of extracellular 
enzyme (Barr and Aust, 1994). The azo dyes used in the present study, which contain 
recalcitrant sulphonated groups and other reactive groups, were proved to be toxic at 100 
mg/1 by Microtox® test (details in Section 5.9). Therefore, it may have some toxic effects 
to the fungus, although the toxicity of these dyes may be varied among different 
microbial species. In addition, fungus uses extracellular enzyme to degrade the dye and 
obviously the dye close to the surface may be attacked by the fungal extracellular 
enzymes more rapidly and efficiently. Therefore, the actual concentration of dye that can 
really contact the cell wall will reduce dramatically. In addition, fungal cell wall is 
composed of different binding sites which may act as a barrier to prevent the dye entering 
the cell membrane and protoplasm. Thus, the dye molecules that can enter the protoplasm 
and affect the fungal mycelia activity will be greatly reduced. This is one of the 
advantages of using fungi as a bioremediation agent to treat different pollutants, since in 
highly toxic contaminated site fungi can still exert their degradation function by the 
extracellular enzyme. 
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Effect of dye concentration on the dye RE of Geotrichum candidum CU-1 under 
anaerobic condition were similar to the other adsorbents (i.e. Pseudomonas sp. K-1, 
activated carbon and fly ash) tested previously. In Section 5.9, the proportional effect of 
dye concentration to the dye RC of the adsorbents was demonstrated. Dye RC of these 
adsorbents increased as the dye concentration increased until the adsorption sites on the 
adsorbent surface were completely saturated by the adsorbate. From these results, the 
saturation dye concentration was 200 mg/1 for the fungus. Dye concentration upto 400 
mg/1 would not increase dye adsorption capacity of the fungus. The dye RC of 
Pseudomonas sp. K-1 at 100 mg/1 was higher than that of Geotrichum candidum CU-1 
under anaerobic condition at the same dye concentration. These results indicated that 
Pseudomonas sp. K-1 was a better adsorbent than the fungus. But if biodegradation was 
included for consideration, the dye RC of Geotrichum candidum CU-1 at 100 mg/1 under 
aerobic condition was 25 mg of dye/g of dry cell which was much better than that (15 mg 
of dye/g of dry cell) of Pseudomonas sp. K-1. 
Is the production ofdye-degrading enzyme of fungal mycelia induced by the dye? 
The dye RE in young ftmgal culture could reach 100% within 2 h of incubation (Figure 
61). Therefore, the dye degrading enzymes in the fungal mycelia seems to be not required 
the induction by the presence of dye. The dye RC of Geotrichum candidum CU-1 at 200 
and 400 mg/1 ofdye under anaerobic condition (Figure 63)，were same (about 10 mg of 
dye/g of dry cells). The dye adsorption sites of the fungus were saturated at this dye 
concentration, further increase in dye concentration would not increase the dye RC 
significantly. It is assumed that the dye RC of the fungus in the presence of 1,000 mg/1 of 
dye under anaerobic condition should be about 10 mg of dye/g of dry cells, but the dye 
RC of the fungus under aerobic condition was same in the presence of200, 400 and 1,000 
mg/1 of dye after 1 h of incubation. Beside that dye RC of fungus in the presence of 400 
and 1,000 mg/1 of dye were very similar after 2 h of incubation. Since the dye RE under 
aerobic condition represented both biosorption and biodegradation, while only 
biosorption functioned under anaerobic condition. The same dye RC at different dye 
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concentrations under aerobic condition represented the same biodegradation rate of the 
fUngus at different dye concentrations. Thus, degradation of dye was independent to the 
dye concentration. Under normal situation, if the production of enzyme requires the 
substrate induction, then as the dye concentration increases, the enzyme activity will also 
increase until the inducers in excess. These results concluded that dye degrading 
enzyme(s) of Geotrichum candidum CU-1 was/were not required the dye induction. 
5.19 Dye removal efficiency of Geotrichum candidum CU-1 in a recycle 
system 
Recycling the microbial strains in the treatment process is well-known in the 
waste treatment plant. The advantages of recycling are to save the cost and time during 
preparation of new cells as well as simpler the running process. In addition，it is more 
environmental friendly and produces less wastes for further treatment. In the above 
experiments, the good performance of Geotrichum candidum CU-1 on dye removal was 
showed. The fungus grown well in complete medium and degraded the dye in glucose 
buffer solution (Figure 5.16). Therefore, the feasibility of repetitive use ofthe fungus in 
glucose and complete medium to degrade the dye was studied. Glucose is a relatively 
inexpensive carbon and energy sources, while complete medium is a more complex and 
expensive medium for fungal growth. Because of the lack of other nutrients in glucose 
solution therefore, it is interesting to study that whether the fungus can perform the 
degradation function continuously in this solution. On the contrary, it is assumed that if 
the degradation was controlled by the growth and activity of fungus, then refreshment of 
the culture medium should keep the dye-degrading activity of the fungus continuously to 
function. 
Geotrichum candidum CU-1 grown in complete medium removed 100% of dye 
within three repeated cycles, while fungus in glucose solution removed 100% of dye only 
in the first cycle. These results were due to that the complete medium provides all 
nutrients to the fungus, so that fungal activity such as enzyme degrading activity could be 
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maintained for a longer time. Nonetheless, the dye degradation capacity of the fungus 
reduced after three repeated cycles. These reduction of dye degradation ability of the 
ftmgus may due to several reasons. First, older fimgal cells had lower dye-degrading 
activity. In the study in Section 5.13, the relationship between cell aging and the dye RE 
was discussed. Fungal mycelia involved in the third cycle was in Day 6. As compare the 
result in Section 5.13, Day 6 flingal mycelia showed a significant decrease in dye removal 
capacity. The decrease in dye removal of fungal mycelia in this case was different from 
that mentioned in Section 5.13, since the culture medium was refreshed repeatedly by 
dye-containing medium in each cycle. Therefore, depletion of nutrients and adverse pH 
effect in older culture were not applicable. The possible explanation is that aging of 
fUngal cell or change in fungal structure that affect its dye removal activity. An 
experiment in Section 5.20 was conducted to determine whether the dye removal ability 
of the old fungal culture could be recovered by the addition of new nutrient and 
adjustment of pH. The results in the present study showed that the dye removal ability of 
Geotrichum candidum CU-1 could be recovered after refreshing with complete medium 
(detail discussion in Section 5.20). Thus, aging of the fungal culture decreased the rate of 
dye removal. However, if a longer time such as 24 h was allowed, the fungal mycelia 
could remove almost 100% of dye in the medium. Therefore, it seems to be that the aging 
of fungal culture was not the major factor that decreased the dye RE of the fungus. 
Results in the present study indicated that the change of fungal surface structure in older 
cells should not inhibit the dye degradation. 
Another reason that may cause the decrease in dye removal of the fungus is the 
inhibition of fungal growth in the culture. In the pervious experiments, 3 days old fungal 
cultures showed a high dye degradation ability, but this fungal cultures were all in mature 
stage. The fungal mycelia were comparatively rigid with the formation of chitinous layer 
and other more well-developed fungal enzyme systems to avoid the toxicity and 
inhibition by the dye (details in Section 5.18). But if the fungal mycelia could not grow in 
the presence of dye, this might be the reason for reduction of the dye removal ability in 
subsequent cycle. Thus, the fungus was grown in the presence of dye in Section 5.21. 
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Results in the present study (details in Section 5.21) showed that the fiingus could grow 
without any abnormal change in cell yield in the presence ofdye. Therefore, reproduction 
ofthe fungal mycelia during the repeated cycle was not a problem. 
Nutrient depletion, adverse pH condition, cell aging, change in fungal structure 
and inhibition ofgrowth are not the main reasons that reduce the dye RE ofthe fungus in 
the repeated cycle. According to the result showed in Section 5.21, it showed that the 
fimgus in the presence of high concentration of dye could still grow rapidly without any 
reduce in biomass production. These results indicated that when old medium was 
replaced by the new medium, the fungus grew rapidly. Since the fungal mycelia retained 
some medium inside the mycelial ball, so the volume of the culture was actually and 
repeatedly increased in each cycle of dye degradation. Thus, the amount and volume of 
fungal mycelia increased inside the fIask, while the space available for oxygen diffusion 
inside the flask decreased. As a consequence, the dye RE decreased by poor oxygen 
supply and poor agitation. Therefore, it is speculated that the dye RE could be maintained 
permanently, if certain amount of fungal mycelia were removed in each cycle 
periodically. 
5.20 Recovery ofGeotrichum candidum CU-1 mycelia for biodegradation 
Effect of nutrients and pH on the dye RE of old fungal culture can be determined 
by resuspending the old fungal mycelia into new medium and favorable pH solution, 
wMe the aging of cell could not be manipulated. In the present study, new media, 
glucose alone and complete medium, were used and the dye removal process were 
conducted under aerobic and anaerobic conditions in order to compare the effect of dye 
biodegradation and biosorption processes in the defined medium and pH. 
There was no significant different between the dye RE of the fungal culture in 
different media under anaerobic condition. It is simply due to lack of biodegradation 
activity for the fungus under anaerobic condition. As a result, no matter what medium 
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was used there was still no change in dye removal ability of the fungus. Geotrichum 
candidum CU-1 resuspended in MES buffer (pH 5) showed a constant dye RC along the 
incubation period under both aerobic and anaerobic conditions. This result indicated that 
the dye removal abilities of Geotrichum candidum CU-1 would not recover by adjusting 
the pH in the medium alone. Although it was mentioned in Section 5.15.1, the effect of 
pH on dye RE was very important, the decrease in dye RE in older culture was not only 
due to the adverse pH condition. However, as compare the result in the present 
experiment to that in Section 5.13，the dye RE of the fungus after changing the pH of 
older culture to 5 under aerobic condition was higher than the older culture without any 
pH adjustment. The dye RE of 10 days old fungal mycelia resuspended in MES buffer 
under aerobic condition and that in Section 5.13 were 30 and 20%, respectively. These 
results suggested that although biodegradation was not completely recovered by the 
change ofpH, the adsorption of dye by the fungus was better after acidifying the culture. 
Dye RE of old culture Geotrichum candidum CU-1 could be recovered by the 
addition ofnutrient. This result demonstrated the importance of availability ofnutrient to 
the fungal mycelia in the dye removal process. The nutrients in the culture medium may 
act as a inducer for the production of dye-degrading enzyme and/or as an energy source to 
activate the metabolic activity of older fungal mycelia. The rate of dye removal by 
Geotrichum candidum CU-1 was higher in complete medium than in the glucose solution. 
This result indicated that the dye removal ability of the fungus could be recovered more 
rapidly in rich medium. It is because that in the rich medium, much more different 
nutrients and trace elements were available to promote the fungal growth, while in the 
glucose solution, it only provided the carbon and energy sources. Moreover, it is 
interesting to note that the dye degradation rate of the old fungal mycelia resuspended in 
the new medium increased slowly during the time course (i.e. 24 h to completely remove 
the dye), but it was more rapidly in the young fungal mycelia (i.e. remove all the dye 
within the first 2-4 h of incubation). These results may due to the longer time required to 
induce and produce the enzymes for dye degradation and nutrient digestion in the old 
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ftmgal culture, while in young culture the production of enzymes were in active state, 
thus the onset of dye degradation was faster. 
5.21 Effect of procion red MX-5B concentration on the growth of 
Geotrichum candidum CU-1 in complete medium 
The growth of fimgus should be more sensitive to the toxicity of dye. But in the 
present study the inhibition of fungal growth by the dye was not observed. All the 
treatments with and without dyes had similar biomass produced after 3 days ofincubation 
even in the presence of 400 mg/1 of dye. In addition, the dye added into the culture was 
also degraded during the growing period. Thus, the dye used in the present study is 
relatively non-toxic to the fungus. The results in Section 5.20 and Section 5.21 are very 
crucial to determine whether the fungus can degrade the dye in all different growth 
phases. In addition, only in the presence of small fungal inoculum, the fungus can grow 
and increase biomass in the dye-containing culture medium, and remove the dye at the 
same time. 
5.22 Microtox® test 
With the recent increasing concem regarding the short-term and long-term effects 
of chemicals in the environment, there is a general need to develop simple, inexpensive, 
rapid and sensitive tests for the use by the regulatory agencies for toxicity testing 
(Qureshi et aL, 1984). Standard acute toxicity tests using fish and aquatic 
macroinvertebrates have long been played a critical role for aquatic hazardous and risk 
assessments (Toussaint et al., 1995). For example, Daphnia magna, Ceriodaphnia dubia 
and mysid shrimp are recommended by Environmental Protection Agency in United State 
as the acute toxicity test organisms (Annon, 1993). However, the standard methods are 
generally time-consuming (at least 48 to 96 h), expensive and often require extensive 
preparations and subjective data interpretation (Bulich, 1984; Indorato et aL, 1984; 
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Qureshi et aL, 1984). Therefore, some alternative toxicity tests have been proposed for 
preliminary screening due to their simplicity, sensitivity, reproducibility, ease ofhandling 
andAH" short exposure time (Toussaint et al., 1995). The estimated cost of those rapid 
tests; Microtox® test, lettuce, rotifer, brine shrimp and Polytox® tests, and the standard 
acute toxicity tests; D. magna, C dubia, M. bahia, P. promelas and 5： caphcornutum 
tests are shown in Figure 85. All rapid tests are less expensive than the standard tests, and 
the Microtox® test is the cheapest one (Toussaint et aL, 1995). 
Among the rapid screening tests, Microtox® test is used most extensively (Blaise 
et al； 1994). The advantage of using Microtox® test as a preliminary indicator oftoxicity 
is evidenced in the current bibliography of Microtox® test, which includes about 400 
articles and reports on various applications of the Microtox® test (Blaise et al., 1994). 
Microtox® test was first introduced by Bulich et al. in 1979 (Qureshi et al., 1984). This 
bioassay is based on monitoring changes in natural light emission from a marine 
luminescent bacterium {Photobacterium phosphorium) when challenged with a toxic 
substance (Qureshi et aL, 1984; Blaise et al., 1994). The toxicity end-point is expressed 
as EC50 (concentration of a test sample that causes a 50% decrease in light output) 
(Qureshi et cd., 1984; Toussaint et al., 1995). Photobacterium phosphorium, a marine 
luminescent bacterium in Microtox® test, is well suited as the test organism because ofits 
possession of many biochemical pathways of higher organisms and shows a high degree 
of membrane structural organization (Goatcher et al., 1984; Qureshi et al., 1984). In 
addition, this bacterium generally elicits toxic responses to many chemicals through the 
mechanism similar to those in higher organisms (Goatcher et al., 1984; Qureshi et al” 
1984). Moreover, this bacterium is a common decomposer in the food chains of both 
marine and freshwater systems (Qureshi et al,, 1984). However, Photobacterium 
phosphorium was replaced with Vibrio fischeri, a similar marine species recently by 
Microbics Corporation Company (1992). The other advantages of using Microtox® test 
for toxicity assay are relatively simple, rapid (30 min), reproducible, required small 
sample volumes, and offer statistical advantages in using large sampling size (Goatcher et 
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Microtox® test and other acute toxicity test was studied extensively (Kaiser et al., 1994; 
Toussaint et al, 1995). Generally, the acute and sub-acute to chronic toxicities oforganic 
compounds to various organisms had high degrees of linear correlationship's with 
Microtox® test (Vasseur et al, 1984; Kaiser et al., 1994). 
If the values ofEC50 of dyes and heavy metals ofMicrotox® test were compared, 
dyes selected in the present study are relatively non-toxic to the bacterium. For example, 
EC50 of ZnCl2, CuCl2.2HA CdCl2.2.5H2O, HgCl2 and NiCl2.6H2O were 5.6，1.2, 34.7， 
0.2 and 55.2 mg/1, respectively (Codina et al., 1993)，while the EC50s ofthe dyes used in 
the present study were more than 100 mg/1. Although the EC50 of the dyes were 
relatively low as compare to those of the heavy metals. The adverse effect ofdyes to the 
environment should not be neglected. It is because that the term toxicity not only depends 
on the EC50, on the contrary, it also depends on "how much" (the dose), ‘‘how long" (the 
duration) and "how often" (the frequency) of exposure. For instance, it is a common 
practice to use more than 100 mg/1 of dye in the dyeing process, while it is seldom 
occurred in the electroplating industry to use up to 100 mg/1 ofheavy metals. In addition, 
the volume of dye used in each batch of dyeing is in several ten-liters, which may be ten 
times more as that of metal solution used in the electroplating industry. Moreover, long-
term effects of persistent dyes in the ecosystem and living organisms due to the 
concentration and magnification in the food chain were unknown (Chung and Stevens, 
1993). Thus, even though the EC50s of dyes are comparatively lower than those ofheavy 
metals, they may also exert serious effects on the environment and living organisms. 
Azo dyes are more toxic than non-azo dyes and some azo dyes are the potential 
mutagenic chemicals (McCann et al,, 1975; Prival and Mitchell, 1982; Chung, 1983). 
Moreover, the dyes with brighter color such as yellow and red had higher toxicity than 
those dyes with deeper color such as violet. These results might due to the different 
compositions of the dyes in different shades. 
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Toxicities ofprocion red MX-5B degrading products by the fungus were same as 
the control i.e. fungal culture alone. Both of them had EC50 at 4 mg/l. In this case, the 
term "toxicity" may not stand for the toxic level of the dye-degraded products, while it 
means the flingus released some chemicals that are "toxic" to the Microtox® test. Since 
the dye degradation process was conducted in the fungal culture, therefore, although the 
samples were filtered before use, there still contained many fungal metabolites. 
Therefore, Microtox® test is not suitable to determine the toxicity of dye degraded 
products in the fungal culture. Other toxicity tests using different organisms such as 
amphipod and Poecilia reticulata (guppy), have conducted in the preliminary study. The 
results of the tests were similar in Microtox® test, which the toxicity ofthe dyes could be 
determined but the tested organisms died immediately after added into the fungal culture. 
Therefore, if the toxicity of dye-degraded products must be determined, the impurities 
(any chemicals that are not the dye-degraded products) in the dye containing fungal 
culture must be removed. These can be done by using different purification techniques, 
but very careful consideration is required to ensure the dye-degraded products are not 
removed or changed during the purification. In addition, chemical method could be 
applied to identify the dye-degraded products and then determine their toxicities from the 
toxicity reported previously. Another method that could be used for determining the 
toxicity of products is to purify the dye degrading enzyme from the fungus. As a result, 
more pure dye degraded products could be obtained and avoided the interference from the 
other fungal metabolites. 
5.23 Determination of the degradation products of procion red MX-5B by 
Geotrichum candidum CU-1 using high performance liquid 
chromatography (HPLC) 
High-performance liquid chromatography (HPLC) is extensively used in 
separation of environmental pollutants (Meyer, 1994; Kuronen, 1995). The advantages of 
HPLC over the gas chromatography (GC) for chemical analysis are the variety of 
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substances capable for separation. Since GC can only separate substances that are volatile 
or can be evaporated intact at elevated temperatures or from which volatile derivatives 
can be reliably obtained (Meyer, 1994). It is proposed that only 20% of known organic 
compounds can be analyzed by GC without prior treatment, while for liquid 
chromatography, apart from cross-linked and high-molecular-mass substances, all organic 
and ionic inorganic products can be separated by HPLC (Meyer, 1994). Therefore, HPLC 
is widely used to separate and identify the degradation products ofpollutants. 
Reverse phase chromatography was selected to separate the degraded products of 
azo dye in the present study. Reverse-phase chromatography is characterized by the very 
non-polar stationary phase, relatively polar mobile phase and a polar solvent such as 
water that elutes more slowly than a less polar solvent such as acetonitrile. Therefore, 
non-polar compounds are eluted out later than polar compounds. Water and acetonitrile 
are used as mobile phase because of the ease in preparation and stable supply. Obviously, 
the capability of the solvents to elute and separate the compounds are the main reasons 
for solvents selection. The mobile phase is run in a gradient. The solvent gradient gives a 
mobile phase that is initially just strong enough to elute the polar compounds. 
Afterwards, the solvent composition is changed in order to elute the more non-polar 
components. Therefore, water (polar solvent) was eluted first and the polarity of mobile 
phase decreased by changing the gradient, and finally full strength of acetonitrile was 
used to elute all other chemicals retained in the column. Two distinct wavelengths at 254 
and 538 nm were used to determine the absorbance of eluted compounds. Aromatic 
compounds generally show a maximum absorbance at 254 nm. Procion red MX-5B was 
measured at 538 nm because it had maximal absorbance at this wavelength. 
Samples were prepared in glucose MES buffer instead of complete medium. It is 
because that in the preliminary study complete medium alone already gave many 
compounds showed absorption at 254 nm. On the contrary, sample from glucose MES 
buffer gave less absorption peaks. More importantly, Geotrichum candidum CU-1 
degraded the dye under this nutrient condition and showed a clear dye supernatant after 
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filtration. Samples of dye degradation products by Geotrichum candidum CU-1 were 
sampled at different time intervals in order to demonstrate the degradation process and at 
the same time determine the end-point ofdegradation. In Figure 67，the absorption peaks 
at 538 nm had the same retention time as the absorption peaks at 254 nm. These 
absorption peaks at 254 nm were from the dye molecules. Thus, the absorption peaks at 
254 nm which had the same retention time with the absorption peaks at 538 nm were 
from the dye molecules. On the contrary, the absorption peak which did not showed the 
same retention time as those absorption peaks at 538 nm might be come from the 
impurity of dye intermediates produced during the manufacturing process or from the 
fUngal metabolites. It is interesting to note that same dye concentration showed a different 
spectrum at 254 and 538 nm, when the dye was added into the fungal culture and Ultra-
pure water. The dye absorption peaks in the fungal culture (Figures 68a and 68b) were 
sharper Q)eak width) and higher (peak absorbance) than that ofthe dye absorption peaks 
in Ultra-pure water (Figures 67a and 67b). Area of the dye absorption peaks in both 
flmgal culture and Ultra-pure water were similar, and thus it is assumed that the amount 
of dye in these media were similar. However, the dye molecules in the fungal culture 
were attached and concentrated by some fungal metabolites which gave a sharp 
absorption peak of dye. Absorbance of dye was diminished with the incubation time. 
Within the first 4 h, the first and second absorption peaks at 538 nm dropped half and 
almost completely after 4 h of incubation, respectively (Figures 68a and 70a). The first 
absorption peak at 254 nm dropped at the same extent as that at 538 nm, but second peak 
increased slightly at 254 nm (Figures 68b and 70b). The increase in absorbance may due 
to the overlapping of fungal metabolite with that of the dye. In Figure 69b，the initial 
contribution of the fungal metabolites to the spectrum at 254 nm was little, while a more 
apparent absorption peak at 254 nm (Figure 71b) was occurred after 4 h of incubation and 
the peak was appeared at the same retention time as the second peak in Figure 70b. After 
8 h of incubation, the absorption peaks at 538 nm (Figure 72a) were decreased as the 
absorption peaks in Figure 73a. These results suggested that dyes were removed 
completely in the fungal culture. Beside that the absorption peaks at 254 nm in Figures 
72b and 73b decreased and the pattem of the spectra were similar to each other. The 
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difference between the spectra in Figures 72b and 73b was the presence ofmore apparent 
absorption peaks within 5 min of retention time. These small absorption peaks may be the 
residue of the undegraded dye or the dye impurities that can not be degraded by the 
ftmgus. In Figures 74’ 76 and 78, the spectra at 254 nm and 538 nm were almost the same 
as those in Figures 75，77 and 79, respectively. These results suggested that the dye in the 
supernatant was completely degraded by the fungus. In addition, there was no or very 
little dye-degraded products appeared in the fungal culture. In order to determine the 
presence ofdye-degraded products in the fungal culture, the spectra at 20 h ofincubation 
were magnified (Figures 80a and 81a). Both spectra at 538 nm were similar and the 
highest absorption peak showed a retention time at 17 min. Two smaller absorption peaks 
were showed at the beginning and end of the spectrum. The only difference was at 4.5 
min in which a absorption peak was appeared in the ftingal culture (Figure 80a). This 
absorption peak should be the dye residues that were not degraded by the fungus. 
Similarly at 254 nm, the absorption peaks ofFigures 80b and 81b were similar, except at 
time 4.5 min a absorption peak was appeared and the peaks within the retention time o f4 
min showed higher absorbance in the dye fungal culture (Figure 80b). The absorption 
peak at 4.5 min should be the dye residue because same absorption peak appeared at 538 
nm (Figure 80a). The presence ofhigher absorption peaks in dye-degraded fungal culture 
may due to two reasons. First, the fungus degraded the dye non-specifically, that mean 
the dye is like other substrates of the fungus which was degraded to final products in a 
very simple form. As a result, the absorption spectrum of dye-degraded products was the 
same as the usual substrate-degraded products of the fungus. Another reason for the 
increase of intensity of the absorption peaks may due to the increase in some substances 
produced by the fungus in the presence of dye. 
In order to understand the oxidation process and design a model to explain the 
unclear dye-degraded products in the spectrum, a semiconductor TiOj with H2O2 were 
used to photo-degrade the dye. The reason of selecting TiO2 rather than other chemical 
oxidants is that TiO2 catalyze HjO, and produce hydroxyl radicals for dye degradation 
(details in Section 1.9.2) which are the proposed degradation agent for dye by the fungal 
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peroxidase. In addition, the role of TiO2 is a catalyst which is relatively stable and not 
expected to produce other chemicals which interfere the HPLC analysis. Moreover, the 
experimental procedures of TiO2-H2O2 photocatalytic method on dye oxidation 
(degradation) are well-understood and relatively ease to handle. The results showed that 
TiO2 can completely decolorized the dye in the presence ofH.Oj after expose to sunlight 
for an hour and the absorption peaks at 254 nm appeared at retention time 2 and 3 min 
(Figure 82b) were not present in the original spectrum (Figure 67b). This result indicated 
that the dye may be finally degraded into two compounds with higher polarity then the 
original dye. This result also explain why the absorption peaks at 254 nm (with retention 
time 2 and 3 min) (Figure 80b) increased after dye degradation by the fungal culture. 
5.24 Integration ofbiosorption and biodegradation 
It is not successful to integrate Pseudomonas sp. K-1 and Geotrichum candidum 
CU-1 in the present experimental conditions. Dye adsorbed on the bacterial surface could 
not be removed by the fungus. Will the bacterium inhibit the dye degradation of the 
fungus? Therefore, free dye in liquid medium and dye adsorbed by the bacterial cells 
were put into the fungal culture together (Section 3.26.2). The results in this study 
showed that the bacterium did not inhibit the dye degradation of the fungus as the free 
dye in the culture medium could be degraded. Morita et aL (1996) stated that peroxidases 
(PODS) have been successfully applied as catalyst for increasing the rate of 
decolorization of dissolved dyes without causing any decolorization of fixed dye on 
fabrics. This result indicated that peroxidases could not degrade the dye adsorbed on 
fabrics. The chemical composition of bacterial cell wall was mainly composed of 
polysaccharides. Although it is not sensible to say that the polysaccharides in the cell wall 
is exactly the same as cellulose in the fabrics, at least they are very similar. Therefore, the 
reasons of the peroxidases could not degrade the dye adsorbed onto the bacterial cells 
may due to: 
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First, the strong covalent bonds formed between the dye molecules and the 
adsorption sites on the bacterial cell wall which reduce the dye degradation ofthe fungus 
by increasing the energy demand. In addition, the essential and critical degradation sites 
on the dye molecules may be hidden after binding or already used for binding onto the 
bacterial cells. Therefore, the enzyme cannot or only poorly degrade the dye molecules 
adsorbed on the bacterial cells. 
Second, in the pervious studies conducted by other researchers on the use of 
peroxidase system for dye degradation, H2O2 is always added into the enzyme solution as 
to provide free radicals precursor (Femando and Aust, 1994; Orth et al., 1993; Bumpus, 
1995; Kim et aL, 1995; Morita et al., 1996). Femando and Aust (1994) stated that the 
position of the H2O2 generating system may be held intracellularly or extracellularly by 
the enzyme glucose oxidase, although it is generally believed that H2O2 performs 
extracellularly with the ligninolytic enzyme system (Bumpus, 1995). Thus, in order to 
degrade the compound, the peroxidase enzyme must contact with H2O2 and produce .OH. 
Dye adsorbed by the bacterial cells may inhibit the production of -OH by completing the 
H2O2 in the fungal solution. Since bacterial cells can degrade hydrogen peroxide molecule 
into oxygen and water by catalase (Femando and Aust, 1994). In addition, if H2O2 are 
released from the flingal cells or near the fungal cell surface, then the dye molecules 
which close to the fungal cell wall would be degraded more efficiently. Dyes adsorbed by 
the bacterial cells restrained their movement as a result, their dye degradation rate would 
be lower than that of the free dye in the fungal solution. Therefore, as to compensate the 
lose of H2O2 and increase the degradation power of the fungal culture, H2O2 were added 
into the culture (Section 3.26.3). Unfortunately, the fungus still failed to degrade the dye 
adsorbed on the bacterial surface even in the presence ofH^O,. This result suggested that 
H2O2 generating system or the supply of H2O2 were not the obstacle for the 
biodegradation. Although gas bubbles were produced after the addition of H2O2 into the 
fiingal culture, it only supported that there are some reactions occurred between H2O2 and 
the fungal culture. In summary, in the present study, the attempt to integrate biosorption 
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by Pseudomonas sp. K-1 and biodegradation by Geotrichum candidum CU-1 for dye 
removal was failure. 
The reason for integrating biosorption and biodegradation ofdye is to handle large 
volume ofdye-containing effluent in a short period oftime. Before the present smdy, it is 
assumed that biodegradation takes a long time (at least hours to days) to finish. Therefore, 
it is impossible to store a large volume of effluent within this long period oftime. But in 
the present study, the fungus, Geotrichum candidum CU-1 showed a powerful dye 
degradation ability within a short period of time, i.e. 2 h, which is a reasonable time for 
the fungus to treat the dye-containing effluent without the need of other adsorbents. In 
fact, the fungus already integrates the biosorption and biodegradation by itself in the dye 
removal processes. 
The biosorption and biodegradation by the fungus can be carried out in a tanky^  in 
which the fungus was growing continuously with repeated dye treatment. There are no 
special technique required for handling, the fungus can work at a wide range of 
temperature, very high dye concentration, different pHs and agitation rates. Since the 
fungus showed higher biodegradation capacity at different pHs in the presence ofglucose, 
therefore, glucose-containing wastewater after desizing process can be used as carbon and 
energy sources for the fungus. This process can enhance the biodegradation ofdye and at 
the same time reduced the BOD in the total effIuent of the dyeing plant. Other nutrients 
such as yeast extract and peptone are also required as to maintain a high dye RE. 
Moreover, aeration is preferred in the reaction tank. Since oxygen supply increases the 
ftingal growth and also the rate of dye degradation. In addition, aeration are also used for 
suspend the fungal mycelia in the reaction tank and allow better fungal growth. 
Periodically removal of fungal biomass favor the aeration effects and enhance the fungal 
growth and dye degradation. 
Although the dye removal process can be practiced by the fungus, there are still 
some problems that required to solve, for example, the composition and toxicity of the 
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degraded products and the pathogenicity of the fungus. As a result, further studies are 
required before the application of Geotrichum candidum CU-1 to the dyeing factory. 
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6 Conclusion 
1. No microbial strain was isolated from the sediment samples collected from Tun Mun 
River and Yuen Long River, and sludge sample collected from Shatin Sewage 
Treatment Works. A fungus, Geotrichum candidum CU-1, was isolated from the air 
sample and showed a dye degradation ability for different azo and non-azo dyes. 
2. Pseudomonas sp. K-1 had higher dye RC than those of fly ash and activated carbon 
for different azo and non-azo dyes, except remazol golden yellow G and remazol 
brilliant orange 3R. Fly ash had the lowest dye RC for all tested dyes. The dye 
adsorption sites of Pseudomonas sp. K-1 might be the lipopolysaccharides andA)r 
exopolysaccharides on the cell surface, which were produced in the stationary phase. 
The dye adsorption mechanism of activated carbon was mainly through the large 
internal surface area in the micropores. The dye adsorption mechanism for fly ash was 
by the surface oxides and intra-particle diffusion. 
3. Dye RCs of Pseudomonas sp. K-1 were similar under all tested physico-chemical 
conditions (pH, agitation rate and temperature). This might due to the various 
adsorption sites and mechanisms carried out on the bacterial cell surface, as a result， 
the bacterium could adsorb the dye under different conditions. Dye RC of activated 
carbon was affected more significantly by the agitation rate. It is because the granular 
shape of activated carbon as a results higher agitation rate was required in order to 
maximize the diffiision of dye into the internal surface of activated carbon. Fly ash 
was a poor adsorbent as compared to the bacterium and activated carbon, therefore, 
the effect of physico-chemical parameters on the dye RC of fly ash was not obvious. 
4. Dye RCs of the adsorbents increased as the dye concentration increased until the 
adsorption sites on the adsorbents surface were filled. Fly ash had the lowest 
saturation concentration which indicated that it had the lowest amount of adsorption 
sites among the bacterium and activated carbon 
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5. The growth yield and dye RC of Pseudomonas sp. K-1 were doubled under optimized 
conditions. The most favorable conditions for optimization ofPseudomonas sp. K-1 
were: inoculating 40 ml of21 h inoculum from 2.5 mg/1 ofglucose screening medium 
into glucose enriched screening medium and then incubated the medium at 30�C in a 
shaker running at 200 rpm for 24 h. 
6. Geotrichum candidum CU-1 was favorable to grow at 30°C in a shaker running at 200 
rpm. The dye-degrading ability of the fiingus was optimized at day 3 culture in which 
the fungal culture could remove 100% of 100 mg/1 ofprocion red MX-5B in complete 
medium within 2-4 h of incubation. The dye RE decreased as the age offungal culture 
increased. This might due to the depletion of nutrients, accumulation of toxic 
metabolites or aging of the fungal mycelia. 
7. Geotrichum candidum CU-1 could remove different azo and non-azo dyes in the 
culture medium. The autoclaved fungal mycelia could adsorb more amount of dye 
than that of living fungal mycelia under anaerobic condition by increasing the 
permeability of the cell membrane. While the dye RE of living fbigal culture was 
much higher than that of autoclaved fungal culture as biodegradation could took place 
under aerobic condition. 
8. Dye removal by Geotrichum candidum CU-1 occurred under a wide range of physico-
chemical condition. However, the most favorable conditions were at acidic pH, high 
agitation rate and room temperature. 
9. Glucose enhanced the dye-degrading process of Geotrichum candidum CU-1. 
Glucose was the carbon and energy sources for the fungus and provided energy for 
the production and activation of the enzyme activity. Moreover, the addition of 
glucose into the alkaline fungal culture could remediate the adverse effect caused by 
the high pH and raised the dye RE. 
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10. Geotrichum candidum CU-1 removed the dye even at very high concentration (1,000 
mg/1) of procion red MX-5B. The dye removal mechanisms were not affected or 
inhibited by this high concentration ofdye. 
11. Geotrichum candidum CU-1 removed the dye in all fungal growth phase. Old fungal 
culture required nutrient refreshment before they could degrade the dye again. This 
might due to the depletion of nutrients in the old culture as a result the dye-degrading 
enzyme activity decreased. 
12. Azo dyes were more toxic than the non-azo dyes as determined by Microtox® test. 
While the toxicity ofdye-degraded products could not be determined due to the EC50 
of the dye-degraded products was same as the control. This result was due to the 
"toxic" effect of ftmgal metabolites to the Microtox® test rather than the toxicity of 
dye-degraded products. 
13. There were no obvious dye-degrading products showed in the dye absorption 
spectrum at 254 nm during the dye degradation process of the fungus. After 20 h of 
incubation, the dye absorption spectrum at 538 nm and 254 nm in the fungal culture 
was similar to that of the fungal culture. This result seems to suggest that the dye was 
completely degraded by the fungus. The intensity of dye absorption peaks at 2 and 3 
min of retention time at 254 nm were larger than the fungal culture. It might due to 
the production of dye-degraded products which had similar structures to the fungal 
metabolites, so they had the similar or identical retention time. TiO2-H2O2 
photocatalytic method was used as a model to demonstrate the dye degradation 
process of the fungus. The peaks in the absorption spectrum of the dye-degraded 
products were similar in both cases, that mean the dye was degraded into very simple 
compounds. 
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14. Integration ofbacterial biosorption and fungal biodegradation to remove and treat azo 
dye was not successful in the present study. However, the fungus provided a efficient 
dye removal mechanism for the treatment of dye-containing wastewater. Therefore, the 
fungus could remove and treat azo dye by its biosorption and biodegradation. 
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Appendix 1: Composition ofMedia 
1.1 Composition of Screening Medium (SM) 
Ingredients Per liter 
Glucose (RDH) l.Og 
Yeast extract (Oxoid) 0.25 g 
MgSO47H2O (Univar) 0.5 g 
CaSO4 2H2O (RDH) 0.05g 
FeSO47H2O (Univar) 0.01 g 
G^4)2HPO4 (RDH) l.Og 
NaCl (RDH) l.Og 
Phosphate buffer (pH l.Qf 0.05 M 
(Agar) (BCH) 14g 
1.2 Composition of Complete Medium (CM) 
Ingredient3 Per liter 
Glucose (RDH) 20.0 g 
Yeast extract (Oxoid) 2.0 g 
MgSO47H2O OJnivar) 0.5 g 
Peptone (DIFCO) 2.0 g 
KH2PC)4 (RDH) 0.46 g 
K2HPO4 (RDH) l.Og 
Thiamine HC1 (0.5 g/Y) 1 ml 
(Agar) (BCH) 14g 
' S e e Appendix 2 
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Appendix 2: Composition ofBuffers 
2.1 Phosphate Buffer OpH range: 5.7-8.0) 
Stock solution A Ingredients 
0.2 M KH2PO4 27.2 g/1 KH2PO4 (RDH) 
Stock solution B 
0.2 M K2HPO4 38.84 giX K2HPO4 (RDH) 
Mix the volume of stock solution as shown below and dilute to a final volume ofdesired 
pH and concentration. 
^ lu t ion A (ml) Solution B (ml) Final volume (ml) Final concentration (M) Final pH 
1 ^ 12.3 400 0.05 6.0 
68.5 31.5 400 400 6.5 
39.0 61.0 400 400 7.0 
16.0 84.0 400 400 7.5 ~ 
J J 94.7 400 400 8.0 
2.2 Universal Buffer (j)R range: 2.0-12.0) 
Contains X ml solution 0.2 M in boric acid (Univar) and 0.05 M in citric acid (RDH), and 
(200 - X) ml solution 0.1 M trisodium orthophosphate (RDH). 
pH X pH X pH X 
To r^ J3 l26 ^ ^ 
2.5 184 6.0 118 9.5 60 
3.0 176 6.5 109 10.0 54 
3.5 166 7.0 99 10.5 49 
4.0 155 7.5 92 11.0 44 
4.5 144 8.0 85 11.5 33 
5.0 134 8.5 78 12.0 17 
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2.3 MES (2-pv[-Morpholino]ethane-sulfonic acid) Buffer (buffer range: 5.5 - 6.7) 
Ingredients: 
0.01 M MES Buffer 1.952 g/1 MES (Sigma) 
pH is adjusted by adding HC1 or NaOH 
2.4 MOPS (3-pS[-Morpholino]propane-sulfonic acid) Buffer (buffer range: 6.5 - 7.9) 
Ingredients: 
0.01 M MOPS Buffer 2.093 g/1 MOPS (Sigma) 
pH is adjusted by adding HC1 or NaOH 
2.5. Tris Buffer 
Ingredients: 
0.01 M Tris Buffer 1.211 g/1 Tris (Sigma) 
pH is adjusted by adding HC1 or NaOH 
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